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ABSTRACT 
Wood waste streams such as sawdust are composed of potentially high value products and 
finding alternative and innovative uses for them may transform the face of Forestry, Timber, 
Pulp and Paper (FTPP) industry, both economically and environmentally. Currently, a large 
portion of these waste streams are either stockpiled on site or landfilled, and these are not 
sustainable options for waste disposal going into the future. The diversion of all organic waste 
from landfill has now become a priority in South Africa. Within the context of the biorefinery 
concept, and in direct response to the afore-mentioned priority, the key focus of this study was 
to explore options for the beneficiation of sawdust waste streams produced primarily, but not 
exclusively, from the sawmilling industry. Two options were investigated, with the primary 
objective being to investigate the production of cellulose nanocrystals (CNC) from sawdust 
waste material. Cellulose nanocrystals are nanoparticles (<100 nm) that have impressive 
mechanical, optical and rheological properties. As a result, they have potential applications in 
several industries such as the automotive, construction, paper, medical, food, environmental 
and industrial sectors. Typically, CNC are produced from high purity cellulose products via one 
of several processes that degrade the amorphous regions of cellulose leaving behind the 
crystalline CNC. This dissertation presents a novel technology that combines ammonium 
persulphate (APS) oxidation with acid hydrolysis (AH) to produce CNC directly from wood 
sawdust, without the need for pre-treatment stages such as pulping and bleaching that are 
conventionally used for the isolation of cellulose from wood. In the novel (APS+AH) process, 
the sawdust was treated with 3 M APS solution at 60°C for 6 h, thereafter followed by AH of 
the residual material with 64% sulphuric acid at 50°C for 1-2 h. Cellulose nanocrystals with 
dimensions ranging between 122-213 nm in length and 4-6 nm in width were produced. Their 
characterisation by Fourier transform infrared (FTIR) spectroscopy, and comparison to model 
compounds for CNC produced by acid hydrolysis of microcrystalline cellulose (MCC), 
confirmed that the structural and compositional integrity of cellulose was not compromised 
following the (APS+AH) process. The resulting CNC also exhibited high crystallinity (81%), 
as revealed by X-ray diffraction (XRD) analysis, and high thermal stability (320°C), as revealed 
by thermogravimetric (TG) analysis. These are all important pre-requisites for most 
thermoplastic composite applications. In addition, a CNC yield of 40% was achieved, which 
when expressed as a percentage of the original wood, represented a four-fold increase in yield 
compared to conventional processes that are used for CNC production and which make use of 
vii 
acid hydrolysis and wood derived cellulose products as the starting material. As part of the 
process to delignify and isolate cellulose from sawdust prior to the production of CNC, the 
second objective of this study was to investigate conventional industrial processes such as the 
kraft and pre-hydrolysis kraft (PHK) pulping processes for delignification of the sawdust. It 
was found that sawdust kraft pulps with acceptable yields (48%) and fibre morphologies that 
were comparable to conventional kraft pulps were produced using typical kraft pulping 
conditions. As expected, the exception was pulp strength properties such as burst, tear and 
tensile strengths which were 50-70% lower than conventional kraft pulps produced from wood 
chips. During the pre-hydrolysis stage of the PHK process, up to 24 g l-1 xylose could be 
removed from sawdust with minimal removal of lignin (0.1 g l-1) and cellulose (2.5 g l-1). 
Pulping of the pre-hydrolysed sawdust resulted in pulp yields of around 35%, expressed as a 
percentage of the original wood. Characteristics of the unbleached PHK sawdust pulp such as 
pentosan content (3-4%), brightness (41%) and viscosity (760-850 ml g-1) alluded to its 
potential for the production of dissolving pulp. 
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EXTENDED ABSTRACT 
The Forestry, Timber, Pulp and Paper (FTPP) industry plays an important role in the economy 
of South Africa. However, like many other industries in the country, it is facing severe 
challenges related to soaring energy costs and water shortages. At the same time, the industry 
faces increasing pressure to make changes and improvements to their processes in order to 
achieve cleaner production technologies that are more environmentally friendly. In the case of 
the sawmilling sector, up to 60% of the biomass is wasted in the form of sawdust, bark, branches 
and other trimmings; and these waste streams represent a significant opportunity for 
beneficiation into valuable products. Currently, a large portion of these waste streams are either 
burned, stockpiled on site or landfilled, and these may not be viable waste management 
strategies going into the future due to impending environmental regulations. In fact, disposal of 
all organic waste (including food waste) to landfill is not allowed in many European and North 
American countries such as Germany, Sweden and Canada, and diversion of organic waste 
from landfill has now also become a priority in South Africa. Opportunely, wood waste streams 
are composed of potentially high value products and finding alternative and innovative uses for 
them offers the potential for development of transformative technologies for changing 
operations of the FTPP industry, both economically and environmentally. To this end, the key 
focus of this study was to explore options for the beneficiation of sawdust waste streams 
produced primarily, but not exclusively, from the sawmilling industry. Two options were 
investigated, with the primary objective being to investigate the production of cellulose 
nanocrystals (CNC) from sawdust. As part of this objective, in order to isolate cellulose from 
sawdust prior to the production of CNC, the second objective was to investigate conventional 
industrially available processes such as the kraft and pre-hydrolysis kraft (PHK) pulping 
processes for delignification of the sawdust. In the context of an integrated forest biorefinery, 
it may be useful to provide South African papermakers with preliminary data on the kraft and 
PHK pulping properties of sawdust as none appeared to be available in the country.  
   
Cellulose is the main constituent of wood and CNC are produced from cellulose. Cellulose 
nanocrystals are nanoparticles that have impressive mechanical, optical and rheological 
properties. The global market for nano-cellulose is predicted to reach around US$ 530 million 
by the year 2021, its demand driven by expanding applications in the automotive (body parts 
and interiors), construction (cement and reinforcements), paper (packaging, coatings, fillers, 
hygiene, absorbent, security and barrier papers), aerospace (structural and internal 
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components), aerogels (oil and gas industries), medical (antimicrobial, controlled drug 
delivery), food (stabilisers, gellants), environmental (biosensing) and industrial (green 
catalysis) sectors. Typically, CNC is produced from high purity cellulose products such as 
bleached chemical pulps and microcrystalline cellulose (MCC) which cost in the region of US$ 
1100 per ton. These high purity cellulose products are subjected to one of several available 
processes such as acid hydrolysis, enzymatic hydrolysis or chemical oxidation, leading to 
cleavage of the cellulose in the regions of the amorphous zones and resulting in the release of 
the rigid, rod-like monocrystalline CNC. In the context of resource optimisation and within the 
concept of an integrated forest biorefinery, the focus of this study was to investigate the 
feasibility of producing CNC directly from a low value sawdust waste material, instead of using 
high purity cellulose products as the starting material. It was anticipated that a simpler process 
may potentially lead to savings in energy and water, and overall, a more cost effective and 
environmentally friendly process for producing CNC. The work presented here, is to the best 
of the author’s knowledge, a first for the country, and possibly the world, where CNC has been 
produced directly from wood, without the need for pre-treatment steps such as pulping and 
bleaching that are conventionally used to isolate cellulose from wood.   
 
In this study, ammonium persulphate (APS) oxidation was initially investigated to directly treat 
wood sawdust to produce CNC. Ammonium persulphate is a strong oxidising chemical, which 
when heated under acidic conditions, produces free radicals and hydrogen peroxide. The 
resulting free radicals and hydrogen peroxide are able to penetrate and breakdown the 
amorphous regions of cellulose, whilst at the same time oxidising and decolourising lignin. 
Varying the APS concentration (1-3 M), reaction time (1-72 h) and temperature (60-90°C), 
revealed that the optimum APS oxidation conditions to produce CNC required treating the 
sawdust with 3 M APS at 60°C for 24 h. The resulting CNC measured 419 nm in length and 19 
nm in width. However, conducting reactions for extended periods of time are often not practical. 
In a novel approach, the APS oxidation step was combined with acid hydrolysis (AH). The 
sawdust was treated with 3 M APS solution at 60°C for 6 h (a decrease from 24 h), thereafter 
followed by AH of the residual material with 64% sulphuric acid at 50°C for 1-2 h. The novel 
(APS+AH) process produced smaller and more uniform CNC with dimensions ranging between 
122-213 nm in length and 4-6 nm in width. Characterisation of the resulting CNC by Fourier 
transform infrared (FTIR) spectroscopy, and comparison to model compounds for CNC 
produced by acid hydrolysis of MCC, confirmed that the structural and compositional integrity 
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of cellulose was not compromised following the (APS+AH) process. The resulting CNC also 
exhibited high crystallinity (81%), as revealed by X-ray diffraction (XRD) analysis, and high 
thermal stability (320°C), as revealed by thermogravimetric (TG) analysis. In addition, a CNC 
yield of 40% was achieved, which when expressed as a percentage of the original wood, 
represented a four-fold increase in yield compared to conventional processes that are used for 
CNC production and which make use of acid hydrolysis and wood derived cellulose products 
as the starting material.  
 
The novel (APS+AH) process was extended beyond the proof-of-concept developed in the 
laboratory and was successfully demonstrated at a pilot scale where 1 kg of sawdust was 
processed in a 32 L bioreactor. This represented a significant milestone in the production of 
CNC not only in South Africa, but possibly in the world. To put this in context, currently there 
are no facilities in South Africa manufacturing CNC, and the production capacity of the top 
eight producers of CNC in the world range between 3-1000 kg per day. Running several batches 
per day or using a larger reactor will place South Africa amongst the world’s top producers, 
with the added advantage of producing CNC directly from a no cost waste material such as 
sawdust.  
 
In the second part of the study to investigate the kraft and PHK pulping processes, it was found 
that sawdust kraft pulps with acceptable yields (48%) and fibre morphologies, that were 
comparable to conventional kraft pulps produced from wood chips, could be produced using 
typical kraft pulping conditions. As expected, the exception was the pulp strength properties 
such as burst, tear and tensile strengths which were 50-70% lower than conventional pulps. 
During the pre-hydrolysis stage of the PHK process, up to 24 g l-1 xylose could be removed 
from sawdust with minimal removal of lignin (0.1 g l-1) and cellulose (2.5 g l-1). Pulping of the 
pre-hydrolysed sawdust resulted in pulp yields of around 35% (expressed as a percentage of the 
original wood). Properties of the unbleached PHK sawdust pulp such as pentosan content (3-
4%), brightness (41%) and viscosity (760-850 ml g-1) indicated its potential for the production 
of dissolving pulp. In addition, an attractive feature of the PHK process is the hemicelluloses 
rich pre-hydrolysate stream that is subsequently available for further beneficiation into other 
valuable products. 
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PREFACE 
 
 
“Blessed is the man who trusts in the Lord, whose trust is the Lord. 
He is like a tree planted by water, that sends out its roots by the stream, 
and does not fear when heat comes, for its leaves remain green, 
and is not anxious in the year of drought, for it does not cease to bear fruit.” 
 
Jeremiah 17:7-8 3 
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CHAPTER 1  
INTRODUCTION 
 
1.1 Rationale for the study 
Depletion of fossil resources and the environmental concerns related to their use, together with 
increased energy demands and the need for cleaner production technologies across all industries 
in South Africa is providing strong impetus in the search for alternative and renewable raw 
material resources. Our fossil driven economy has resulted in many challenges for the country 
including increased greenhouse gas emissions, global warming and climate change. To promote 
sustainable growth with minimal environmental impact, alternate and renewable resources need 
to become an important part of the raw material feedstock for many of our industries. 
In particular, the Forestry, Timber, Pulp and Paper (FTPP) industry plays an important role in 
the economy of South Africa. It contributes about 6% to the country’s manufacturing GDP and 
is also a major contributor to job creation, directly employing over 170 000 people (Godsmark 
2014). The FTPP industry, however, like many other industries in the country, is facing severe 
challenges related to soaring energy costs and water shortages. Some of these challenges have 
a direct influence on production costs and hence on the international competitiveness of the 
sector. At the same time, the industry faces increasing pressure to make changes and 
improvements to their processes in order to achieve cleaner production technologies that are 
more environmentally friendly. This situation has been further exacerbated by a strong decline 
in the demand for pulp and paper products and has led to some South African companies closing 
or downsizing their mill operations in this country and in other parts of the world (Swanepoel 
2009; Lazenby 2011).  
Maximising the capital effectiveness of the FTPP operations has thus become a focus area of 
the industry as a way to increase revenues. One promising approach to achieve this is by 
adaptation of the biorefinery concept. Similar to petroleum refineries that produce multiple 
products from petroleum, a biorefinery is a facility that produces fuels, power, heat and other 
value added chemicals and materials from biomass (Van Heiningen 2006; Ragauskas et al. 
2006). For the FTPP industry, producing bioenergy and new biomaterials, in addition to 
traditional wood, pulp and paper products, may lead to competitive synergies, new markets and 
increased product flexibility for the sector, whilst at the same time, mitigating some of its 
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environmental impacts (Van Heiningen 2006; Towers et al. 2007; Mäkinen 2011). The FTPP 
sector provides an excellent starting point for implementation of biorefinery technologies due 
to existing infrastructure that is able to move and process large quantities of biomass. At the 
same time, there are several inefficiencies in its wood processing operations. For example, the 
current product yield after papermaking from chemical pulps is less than 50% due to the 
removal of wood components such as lignin, hemicellulose and extractives during the pulping 
and bleaching processes. In the case of sawmilling, up to 60% of the biomass is wasted in the 
form of sawdust, bark, branches and other trimmings. According to one sawmilling company 
in South Africa, up to 90% of its revenue is earned from only 40% of the tree (Herbst 2013). 
Therefore, there is significant opportunity for exploiting the remaining biomass that up until 
now has been regarded as waste products. 
Sawdust (or wood dust) is a waste product from wood processing when wood is chipped, 
screened, sawed, turned, drilled or sanded. Typical industries that produce sawdust include pulp 
mills, sawmills, furniture manufacturers and other carpentry industries. Sawdust may be used 
in the manufacture of low value products such as wood compost, charcoal, absorbents for heavy 
metals, fillers in plastics, in linoleum and particleboard, and may also have some commercial 
applications for pulp production (Korpinen et al. 2006). However, pulp from sawdust is of poor 
quality with low strength properties and is mainly used as a filler material in paper products 
such as tissue, with a few patents granted for the production of dissolving pulp (e.g. Sealey et 
al. 2005).  
At one stage, it was estimated that South Africa had close to 400 sawmills of varying capacities 
countrywide (Anonymous 2000). However, data on the amount of sawdust produced in the 
country is difficult to come by, and where available, is severely outdated or varies significantly 
depending on the source. Based on figures obtained from Forestry South Africa (Godsmark 
2014), the total amount of wood processed in the country during 2011/2012 was around 18.8 
million tonnes, of which sawmills accounted for 20% or 3.76 million tonnes of this 
consumption. Olufemi et al. (2012) estimated that only 56% of a log processed in a sawmill is 
recovered as sawn timber, while 44% is left as wood residues in the form of wood slab (34%) 
and sawdust (10%). Then assuming that the amount of sawdust generated from sawn timber 
averages around 10%, it can be estimated that the amount of sawdust produced by South African 
sawmills was around 376 000 tonnes in 2012 alone. These figures appear conservative and 
exclude the sawn-wood residues that could potentially be ground into sawdust, and the other 
additional sawdust waste streams generated from pulp mills and smaller informal sawmills. 
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Estimates obtained from Timberwatch showed that at one stage, the forestry and wood 
processing industries in South Africa generated as much as 4-6 million tonnes of wood waste 
per year (Anonymous 2000).   
Currently, some of these wood wastes are burned for energy generation at the mills, used as 
firewood by rural households, or in the case of sawdust, sold to board mills when distances 
render them economically feasible. In spite of this, large amounts of wood waste in the form 
sawdust and woodchips are still stockpiled on site or landfilled (See Figure 1-1). According to 
environmental regulations, the practices of burning, stockpiling or landfilling are not 
sustainable and can lead to the generation of greenhouse gases when burned and possible 
leaching of toxic chemicals into surrounding ground and water sources when stockpiled or 
landfilled. In the case of landfilling as a means of waste disposal, significant costs are also 
incurred for the establishment and maintenance of landfill sites, and the transport of waste to 
these sites. Further to this, the disposal of all organic waste (including food waste) to landfill is 
not allowed in many European and North American countries including Germany, Sweden, and 
Canada4, and the diversion of all organic waste from landfill has now become a priority in South 
Africa5. 
 
Figure 1-1: A sawmill site in KwaZulu-Natal showing the vast stockpiles of sawdust and woodchips. The 
author is seen standing in the foreground of one of these piles (A - photograph taken by Prof. B. Sithole 
on 13/06/2016). Basement of a sawmill where sawdust is collected during sawing operations, with a 
sawmill employee seen collecting sawdust samples (B - photograph taken by Mr. J. Andrew on 
13/06/2016). 
                                                 
4
 Department of Environmental Affairs (2010). National waste management strategy - First draft for public comments, Department 
of Environmental Affairs, Pretoria, South Africa. 
5
 Department of Environmental Affairs (2011). National Waste Management Strategy, November 2011, Department of 
Environmental Affairs, Pretoria, South Africa. 
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Opportunely, wood waste streams are composed of potentially high value products and finding 
alternative and innovative uses for them may transform the face of FTPP industry, both 
economically and environmentally. To this end, the key focus of this study was to explore 
options for the beneficiation of sawdust waste streams produced primarily, but not exclusively, 
from the sawmilling industry. Two options were investigated, with the primary objective being 
to investigate the production of cellulose nanocrystals (CNC) from sawdust. As part of this 
objective, in order to isolate cellulose from sawdust prior to the production of CNC, the second 
objective was to investigate conventional industrial processes such as the kraft and pre-
hydrolysis kraft (PHK) processes for delignification of the sawdust. 
 
Cellulose is the main constituent of wood and CNC are produced from cellulose. Cellulose 
nanocrystals are nanoparticles that have impressive mechanical properties comparable with 
stainless steel and Kevlar (George & Sabapathi 2015; Moon et al. 2011). As a result, they have 
the potential to serve as the load bearing/reinforcement component in composites. Petroleum is 
one of the materials usually used for the production of composites and it is becoming a less 
attractive raw material source. Producing composites from renewable and abundant resources 
that are biodegradable can contribute to reducing South Africa’s carbon footprint and mitigating 
its growing environmental impact. Biofibre-reinforced composites are being recognised as 
materials of the millennium. For example, the United States of America’s Department of 
Energy (DOE) “Technology Road Map for Plant/Crop-based Renewable Resources 20206”, 
has set objectives to obtain 10% of all basic chemical building blocks from plant-derived 
renewable sources by 2020 globally, with development concepts in place by then to achieve a 
further increase to 50% by 2050. 
Cellulose nanocrystals also show enormous potential in several other areas that can lead to 
significant benefits to society as a whole. The global market for nano-cellulose is predicted to 
reach around US$ 530 million by the year 20217. The increase in demand for nano-cellulose 
based products is driven by its expanding applications in the automotive (body parts and 
interiors), construction (cement and reinforcements), paper (packaging, coatings, fillers, 
hygiene, absorbent, security and barrier papers), aerospace (structural and internal 
components), oil and gas (aerogels), medical (antimicrobial, controlled drug delivery), food 
(stabilisers, gellants), environmental (biosensing) and industrial (green catalysis) sectors.  
                                                 
6
 https://www.nrel.gov/docs/legosti/fy98/24216.pdf 
7
 http://www.marketresearchstore.com/news/global?nanocellulose?market?223 
5 
Most lignocellulosic materials can be considered as potential feed stocks for the production of 
CNC (Leung et al. 2011; Voskoboinikov et al. 2011). Wood in particular is considered as an 
attractive starting material due to its great abundance and availability, and its high cellulose 
content (Brinchi et al. 2013). However, fractionation of its individual chemical components and 
isolation of cellulose is first required (Abraham et al. 2011; Leung et al. 2011; Lee et al. 2014). 
As a result, processing of wood for the production of CNC usually requires a multi-stage 
process consisting of individual chemical and mechanical unit operations that work in concert 
to isolate the cellulosic nano-fibres (Kalia et al. 2011). The first stage of the process is referred 
to as the pre-treatment stage and, in the case of wood, may consist of several unit operations 
such as pulping and bleaching that are used to remove the lignin and the hemicelluloses to 
produce pure cellulose (Leung et al. 2011; George et al. 2011). Once cellulose is isolated, the 
pre-treatment stages are routinely followed by controlled process treatments such as acid 
hydrolysis (Dong et al. 1998; Beck-Candanedo et al. 2005; Bondeson et al. 2006; Peng et al. 
2011), enzymatic hydrolysis (George et al. 2011; Satyamurthy & Vigneshwaran 2013), or 
chemical oxidation (Leung et al. 2011) that are applied to the cellulose to degrade the 
amorphous regions, resulting in a suspension of crystalline CNC (Brinchi et al. 2013). Some of 
these treatments are often coupled with other unit operations such as dialysis (Jackson et al. 
2011), ultra-sonication (Guo et al. 2016), centrifugation (Bai et al. 2009) and ultrafiltration 
(Abitbol et al. 2013), that aids in controlling the pH and dispersing, washing and dewatering 
the CNC. Overall, it can be seen that the process to produce CNC directly from wood is long 
and tedious, consisting of several energy and water intensive steps.  
 
 
1.2 Aims of the study 
By producing high value products such as CNC from waste wood biomass such as sawdust, the 
overall aim of the project was to contribute to the evolution of the South African FTPP 
industries into integrated forest biorefineries through the development of innovative biorefinery 
technologies. By so doing, the intention was to rejuvenate the FTPP sector that has experienced 
significant decline in recent years. In addition to the development of new opportunities within 
this sector, the aim was also to help the sector mitigate some of its environmental impacts. This 
would ensure that local industries stay abreast of new environmental and technological 
developments in order to remain internationally competitive and economically and 
environmentally sustainable.  
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The project directly addresses some of the challenges associated with transitioning to a green 
economy and is closely aligned to the University of Kwazulu-Natal’s recently initiated 
Nanotechnology Platform8, the CSIR’s Natural Resources and the Environment Green 
Economy Solutions strategy, and other National Government imperatives such as the National 
Nanotechnology Strategy9, the Bio-Economy Strategy10 and the Industrial Policy Action Plan11 
which states….”rising electricity prices and increasing commitments in relation to carbon 
emission reductions will increase the need for the manufacturing sector to become increasingly 
more energy efficient….” and “increasing concerns in relation to carbon emissions and climate 
change will have a profound impact on our economic landscape, introducing both threats and 
opportunities…..increasing energy costs pose a major threat to manufacturing and render our 
historical capital and energy intensive resource processing based industrial path unviable in 
the future. However, there are significant opportunities to develop green and energy efficient 
industries and related services….” The project also aims to address Priority 3 in the action plan 
of the National Strategy for Sustainable Development12 that calls for optimisation of biomass 
processing industries whilst ensuring economic growth with reduced environmental impact, i.e. 
“…resource efficient, low carbon, and pro-employment growth path.” 
 
 
1.3 Objectives of the study 
Traditionally, CNC is produced from high purity cellulose products such as chemical pulps and 
microcrystalline cellulose (MCC) which cost in the region of US$ 1100 per ton13. In the context 
of resource optimisation and within the concept of a forest biorefinery, the primary objective 
of this study was to investigate the feasibility of producing CNC directly from a low value waste 
material such as sawdust, instead of using these high purity cellulose products as the starting 
material. It was anticipated that a simpler process would potentially lead to savings in energy 
and water, and overall, a more cost effective and environmentally friendly process for 
producing CNC from wood sawdust compared to conventional processes that require pulping 
of the wood and subsequent bleaching of the pulp to isolate cellulose. In addition, as part of the 
                                                 
8
 http://www.ukzn.ac.za/news/2014/08/26/workshop-to-launch-newly-initiated-nanotechnology-platform 
9
 http://chrtem.nmmu.ac.za/file/35e56e36b6ab3a98fac6fc0c31ee7008/dstnanotech18012006.pdf 
10
 http://www.pub.ac.za/files/Bioeconomy%20Strategy.pdf 
11
 http://www.thedti.gov.za/DownloadFileAction?id=851 
12
 https://www.environment.gov.za/sites/default/files/docs/sustainabledevelopment_actionplan_strategy.pdf 
13
 Bernhard Riegler, Vice President: Marketing – Sappi Specialised Cellulose (Pers. Comm. 06/06/2018).  
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process to delignify and isolate cellulose from sawdust prior to the production of CNC, the 
second objective of this study was to investigate conventional industrial processes such as the 
kraft and pre-hydrolysis kraft (PHK) pulping processes for delignification of the sawdust. 
 
The objectives of the project can be summarised as follows: 
• Investigate the use of APS to isolate cellulose and CNC from wood sawdust 
• Investigate the use of sulphuric acid hydrolysis coupled with APS for the production of 
CNC from wood sawdust 
• Demonstrate the novel (APS+AH) process at a pilot scale 
• Investigate the use conventional kraft and PHK pulping processes for the delignification 
of wood sawdust   
 
 
1.4 Outline of dissertation 
This dissertation is comprised of seven Chapters: 
Chapter 1 is an introduction that provides background information and the rationale for the 
study, including the overarching aims and specific objectives of the study.  
Chapter 2 focusses on a review of the literature that begins with an in-depth description of the 
composition, structure and morphology of cellulose and CNC, followed by an overview of the 
various raw material feedstocks that can be used to produce CNC. Wood, being the focus of 
this study, is discussed in detail with regards to its chemical composition, together with the 
subsequent isolation of cellulose from it using conventional industrial delignification processes 
such as pulping and bleaching. This is then followed by a description of the different treatments 
that are available for converting the isolated cellulose to CNC, and thereafter, the different 
microscopic and spectroscopic techniques commonly used for characterisation of CNC are also 
described. The chapter ends with an overview of the some of the important properties of CNC, 
its potential applications, and its modification using several pathways. Finally, a description of 
different fabrication techniques for composite materials and its reinforcement with CNC is 
discussed briefly. 
Chapters 3, 4 and 5 are central to the dissertation, with Chapter 3 reporting on preliminary 
investigations into the use of APS, and its optimisation thereof, to produce CNC directly from 
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wood sawdust. The chapter specifically focusses on hardwood sawdust, but the performance of 
APS oxidation on pre-hydrolysed sawdust and unbleached pulps produced from sawdust using 
conventional delignification routes such as the kraft and PHK pulping processes are also 
presented.  
Chapter 4 then goes on to describe the development of a novel process using ammonium 
persulphate oxidation combined with acid hydrolysis, designated henceforth as (APS+AH), to 
produce CNC directly from sawdust. The novel (APS+AH) process was ascertained to be 
significantly shorter and simpler than using APS on its own, as was described in Chapter 3.  
As mentioned earlier, currently there are no facilities for manufacturing of CNC in South 
Africa. Thus, Chapter 5 describes the pilot trials undertaken to extend the novel (APS+AH) 
process beyond the proof-of-concept stage developed in the laboratory. This was a pre-requisite 
to be considered as a Technology Demonstrator. In addition, the production of large amounts 
of CNC is critical to ensure an adequate supply of CNC for further downstream beneficiation, 
which forms a significant part of the R&D endeavours at the BIDF. In March 2018, the novel 
(APS+AH) was recognised by the Strategic Research Implementation Unit of the CSIR as a 
Technology Demonstrator at a Technology Readiness Level (TRL) of 614.  
Sawdust pulping is not practiced in South Africa. As a first study of its kind in the country, and 
within the context of an integrated forest biorefinery, Chapter 6 provides South African 
papermakers with preliminary data on the kraft and PHK pulping properties of sawdust as none 
are available in the literature. The chapter is then expanded to provide an in-depth assessment 
of the pre-hydrolysate liquor and the resulting pulp from the PHK pulping process that was used 
to delignify sawdust. Within the context of the biorefinery concept, an attractive feature of the 
PHK process is the hemicelluloses rich pre-hydrolysate stream that is subsequently available 
for further beneficiation into other valuable products. 
Finally, Chapter 7 integrates all the chapters and provides a summary of the outcomes of the 
study and its subsequent implications in the context of the broader strategy of our Research 
Centre and that of the country in this area of research and development. Challenges, limitations 
and opportunities are also highlighted, followed by recommendations for future work.  
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 https://www.thedti.gov.za/financial_assistance/Commercialisation.pdf 
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CHAPTER 2  
LITERATURE REVIEW 
2.1 Cellulose structure and morphology 
Cellulose is the most abundant renewable polymer material that is available on earth (Nge et al. 
2013). It is widely distributed in higher order plants such as trees and shrubs and marine animals 
such as tunicates (sea squirts), and can be found in small quantities in algae, fungi, bacteria, 
invertebrates and amoeba (Hubbe et al. 2008). The physical properties of cellulose such as its 
crystallinity and molecular weight may vary widely depending its source. However, regardless 
of its source, cellulose is a linear homo-polysaccharide composed of β-D-glucopyranose units 
that are linked together by 1,4-glycosidic bonds (Sjöström 1981). Each glucose unit in the 
cellulose chain is six-membered and is referred to as pyranose. The glucose units are linked to 
each other by a single oxygen atom (acetal linkage) between carbon-1 of one pyranose unit and 
carbon-4 of the next unit. A molecule of water is lost due to the reaction of an alcohol and a 
hemiacetal to form an acetal. Because of this, the glucose units in the cellulose polymer are 
referred to as anhydroglucose units, AGU (Kalia et al. 2011). Linking 2 glucose units produces 
a disaccharide referred to as cellobiose, which is the repeating unit in cellulose shown in 
brackets in Figure 2-1.  
 
 
Figure 2-1: The basic chemical structure of cellulose showing the cellobiose repeating unit, the 1,4 
glycosidic linkage and the intramolecular hydrogen bonding in dotted lines (Moon et al. 2011). 
 
The linear arrangement of the glucose units in cellulose result in a uniform distribution of 
hydroxyl groups on the outside of the chain. When two or more of these cellulose chains make 
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contact, the hydroxyl groups are ideally positioned to link the chains together by forming 
hydrogen bonds. Linking several chains together in this way give rise to a highly insoluble, 
rigid and fibrous polymer that is ideal cell wall material (Solomons 1992). The three hydroxyl 
groups per AGU are highly reactive to acids, strong alkali and oxidising agents, and as a result, 
impart a high degree of functionality to the cellulose chain (Peng et al. 2011; Chamberlain 
2017). Although there are hydroxyl groups at both ends of the cellulose chain, these groups 
exhibit different behaviours. The carbon-1 hydroxyl group is an aldehyde hydrate group derived 
from the ring formation by the intramolecular hemiacetal linkage and has reducing properties; 
whereas the hydroxyl group at the carbon-4 end of the cellulose chain is an alcoholic hydroxyl 
with non-reducing properties (Fengel & Wegner 1984; Kadla & Gilbert 2000; Smook 2002). 
The number of glucose units or degree of polymerisation (DP) of cellulose is around 20 000, 
but this value varies considerably depending on the source of the cellulose (Siqueira et al. 2010). 
The cellulose DP in wood has been reported to be around 10 000 (Sjöström 1981). 
In its native state, cellulose does not occur as individual and isolated molecules. Instead, it 
aggregates by hydrogen bonding to form elementary fibrils, which in turn, aggregate to form 
microfibrils. These microfibrils are the basic structural component of cellulose and are long 
thread-like bundles of molecules (Nishiyama 2009). They serve as the main reinforcement 
material for trees, plants and other cellulose containing organisms (Moon et al. 2011). The 
microfibrils eventually pack into larger units called macrofibrils, and these in turn make up the 
cellulose fibre (Habibi et al. 2010; Chamberlain 2017). Figure 2-2 shows a schematic of the 
hierarchical structure of wood that comprises several dimensions from whole tree heights that 
are measured in meters, down to the molecular structure of cellulose, hemicellulose, lignin, and 
their chemical reactions, that are measured in nanometers (Voskoboinikov et al. 2011). 
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Figure 2-2: Schematic of hierarchical structure of wood (Postek et al. 2011). 
 
The schematic in Figure 2-3 shows that within the cellulose microfibrils, there are regions 
where the cellulose chains are arranged in a highly ordered (crystalline) structure, and regions 
were they are disordered (amorphous) (Dufresne 2013). The hydrogen bonds in the crystalline 
regions of cellulose are strong, resulting in good fibre strength, insolubility in most solvents, 
and good thermoplasticity, whereas the less ordered regions are available for hydrogen bonding 
with molecules such as water (Kalia et al. 2011). Because of this, cellulose absorbs large 
quantities of water – it is hygroscopic and swells, but does not dissolve completely due to the 
crystalline regions in the cellulose chain. 
 
 
Figure 2-3: Schematic of cellulose microfibril showing possible configuration of the crystalline and 
amorphous (disordered) regions (Moon et al. 2011). 
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2.2 Crystalline cellulose  
Native (natural) cellulose, referred to as cellulose I, is crystalline cellulose (Siqueira et al. 2010). 
Under certain process conditions, such as acid hydrolysis, the amorphous regions of cellulose 
are susceptible to transverse cleavage leaving the crystalline region intact. In the crystalline 
region, the inter- and intra-molecular hydrogen bonding network and the molecular orientations 
can vary significantly, giving rise to several distinctive but interchangeable polymorphs known 
as cellulose I, II, IIII, IIIII, IVI and IVII (Isogai et al. 1989; Habibi et al. 2010; Moon et al. 2011; 
Brinchi et al. 2013). Cellulose I can exist as two sub-allomorphs, termed cellulose 1α and 1β. 
Depending on the source of cellulose, the two sub-allomorphs exist in different ratios, with the 
triclinic Iα allomorph predominately present in cellulose from algae and bacteria, and the 
monoclinic Iβ allomorph predominantly present in cellulose in higher order plants (Habibi et 
al. 2010; Park et al. 2010) such as wood from trees. Cellulose II is formed by chemical 
regeneration or mercerisation of cellulose I (Isogai et al. 1989; Habibi et al. 2010). The process 
of chemical regeneration involves dissolving cellulose I in solvents and then precipitating 
cellulose II in water; whereas mercerisation involves swelling cellulose I in concentrated 
sodium hydroxide solutions to yield cellulose II, after removal of the swelling agent. Cellulose 
II has the most stable structure of commercial importance and is used in the production of 
transparent films, and textile fibres such as Rayon and Lyocell (Moon et al. 2011). Cellulose 
III is prepared by treating either cellulose I or II with liquid ammonia or organic amines 
followed by removal of the swelling agents to give cellulose IIII or IIIII. Cellulose IVI and IVII 
are prepared from Cellulose IIII and IIIII respectively, by heat treatment in glycerol at about 
260°C (Siqueira et al. 2010; Habibi et al. 2010).  
 
2.3 Micro-fibrillated/nano-fibrillated cellulose  
Based on their dimensions, functions and method of production, which in turn, is dependent on 
the cellulose source and its processing conditions, nano-cellulosic materials can be categorised 
into three groups (Klemm et al. 2011): micro-fibrillated/nano-fibrillated cellulose (MFC/NFC), 
cellulose nanocrystals (CNC) and bacterial nano-cellulose (BNC), as shown in Table 2-1. 
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Table 2-1: Different types of nano-cellulosic materials and their common names (adapted from Klemm 
et al. 2011). 
Nano-cellulose 
type 
Common names Examples of raw 
material 
Synthesis Dimensions 
Micro-fibrillated 
cellulose (MFC) 
nano-fibrillated 
cellulose (NFC); 
nano-fibrils (NF); 
micro-fibrils (MF) 
wood, sugar beet, 
potato tuber, hemp, 
flax 
Delamination of 
wood pulp by 
mechanical means 
before and/or after 
chemical or 
enzymatic pre-
treatment. 
D = 5-60 nm 
L = several µm 
     
Cellulose 
nanocrystals (CNC) 
 nanocrystalline 
cellulose (NCC), 
cellulose whiskers 
(CW)/nano-
whiskers (CNW); 
cellulose 
microcrystals 
(CMC); 
crystallites/micro-
crystallites 
wood; hemp; flax; 
wheat straw, 
cotton, ramie, 
Avicel, tunicin 
Hydrolysis of 
cellulose mainly 
with acids 
D = 2-20 nm 
L = 50-600 nm 
     
Bacterial nano-
cellulose 
bacterial nano-
cellulose (BNC); 
microbial cellulose; 
bio-cellulose 
low molecular 
weight sugars and 
alcohols 
Bacterial synthesis 
D = 20-100 nm 
L = different types 
of nanofibres 
 
 
At the outset, a distinction should be made between MFC/NFC produced by mechanical means 
and CNC produced solely by chemical means (Figure 2-4). What is common to the production 
of both types of nano-cellulose is that both require purification or pre-treatment unit operations 
to isolate pure cellulose from the lignocellulosic biomass. The cell wall elementary fibrils of 
ligno-cellulosic biomass measure 2-20 nm wide and a few microns in length, and that in itself 
can be regarded as MFC/NFC (Jonoobi et al. 2015). Its mechanical isolation from cellulose is 
usually achieved using several processes such as refining (Chakraborty et al. 2005), high 
pressure homogenisation (HPH) (Nakagaito & Yano 2004; Nge et al. 2013), grinding, 
cryocrushing (Chakraborty et al. 2005), etc. In the case of bleached wood pulp fibres, refining 
is normally carried out in combination with HPH techniques (Habibi et al. 2010). 
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Figure 2-4: Simple schematic layout of preparation routes for different nanocellulose types, cellulose 
nanocrystals, CNC (A) and nanofibrillated cellulose, NFC (B). Image of NFC taken from Dufresne et al. 
(1997). Scale bar on CNC image is 200 nm. 
 
 
During refining, external fibrillation of the fibres is induced by the gradual peeling off of the 
external P and S1 cell wall layers thereby exposing the S2 layer (refer to Figure 2-8 showing 
schematic of cell wall). In addition, it also causes fibrillation internally that results in loosening 
of the cell wall thereby making the fibre ready for the homogenisation process (Nakagaito & 
Yano 2004). During the homogenisation process, a dilute suspension of the previously refined 
Acid hydrolysis, 
followed by 
centrifugation, ultra-
sonication and dialysis 
Mechanical fibrillation 
by refining, grinding, 
homogenisation, etc. 
Cellulose isolation and 
purification via alkali 
treatment and bleaching 
B A 
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pulp is rapidly passed through a spring loaded valve at high pressure. As the valve opens and 
closes, the fibres are exposed to shearing and impact forces due to the large pressure drop 
(Nakagaito & Yano 2004; Nge et al. 2013). This results in a high degree of micro-fibrillation 
of the cellulose fibrils produced during the refining process, subsequently forming a strong, 
extensively entangled web-like network of fibres called micro- or nano- fibrillated cellulose 
(MFC/NFC) (Nakagaito & Yano 2004; Pääkkö et al. 2007; Nge et al. 2013). The general 
dimensions of MFC/NFC have been reported to be between 10-40 nm wide, greater than 1000 
nm long, and with an aspect ratio ranging between 100-150 (Nge et al. 2013). 
Nge et al. (2013) subjected commercially available wood-pulp cellulose directly to the HPH 
process to produce MFC/NFC. The average dimensions of the nano-particles were found to 
decrease as the number of passes through the homogeniser was increased. After 10 passes, 
nano-particles averaging 202 nm in length and 11 nm in width were produced. When the HPH 
process was preceded with a ball milling process, spherical nano-particles with diameters 
ranging between 25-50 nm were obtained. 
Generally, applying high shearing forces through the use of equipment such as the HPH results 
in highly entangled networks of fibrils that have a large size distribution ranging from several 
micrometers down to the nanoscale (Pääkkö et al. 2007; Nakagaito & Yano 2004). Compared 
to CNC produced using acid hydrolysis, MFC/NFC produced using mechanical means results 
in fibrils with a low degree of crystallinity due to the amorphous cellulose remaining. However, 
such MFC/NFC do have higher aspect ratios than CNC (Pääkkö et al. 2007; Nge et al. 2013) 
that may be more suitable for reinforcement of composite materials. Unfortunately, the use of 
mechanical means solely to produce MFC/NFC poses several problems (Pääkkö et al. 2007): 
the process is highly energy intensive due to the multiple passes that the material is required to 
make through the homogeniser; the equipment is plagued by blockages at the constrictions of 
the equipment; and because of these blockages, results in a non-homogeneous refining of the 
material, with a large fraction of the fibres still remaining intact.  
To overcome this, some researchers have proposed the use of enzymes as a pre-treatment step 
prior to mechanical shearing. The enzymatic hydrolysis of cellulose depends on the 
concentration of the enzyme, the reaction temperature, the duration of the hydrolysis and the 
available surface area of the exposed cellulose substrate (George et al. 2011). Pääkkö et al. 
(2007) used a commercially available mono-component endoglucanase to promote cell wall 
delamination of bleached sulphite softwood pulp. The use of the enzymes was also found to 
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prevent blockages in the homogeniser. The pulp fibres were first refined to introduce fractures 
in the cellulose structure and to swell the fibres, before addition of the enzymes. They also 
found that the dosage of the enzyme needed to be optimised as the efficiency of homogenisation 
decreased when the enzymes dosage exceeded 150 ECU g-1 fibre at 2% w/w MFC/NFC 
concentration. 
A mediated oxidative technique using 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) 
and hypochlorite has be reported to be an efficient process for conversion of alcoholic hydroxyl 
groups of polysaccharides to aldehydes, ketones and carboxylic acid groups under mild 
conditions (Moon et al. 2011). In the preparation of MFC/NFC, the carboxylated cellulose 
formed from the oxidation of cellulose carbon-6 primary alcohols, is mechanically disintegrated 
resulting in a transparent and highly viscous suspension. The TEMPO oxidised cellulose 
nanofibers (TOCN) have been shown to have unique characteristics and uniform widths ranging 
between 3-4 nm (Isogai et al. 2011). For this work, Isogai and his team received the 2015 
Marcus Wallenberg Award15 for their research on TEMPO-mediated oxidation of cellulose as 
a means to aid in the production of MFC/NFC
.
 Using this procedure, they determined that the 
amount of energy required to mechanically produce MFC/NFC could be reduced by as much 
as 99.7% compared to the conventional process of mechanical refining. 
 
 
2.4 Cellulose nanocrystals  
When cellulose is subjected to certain process conditions such as acid hydrolysis, enzymatic 
hydrolysis or oxidation, cleavage of the cellulose occurs in the region of the amorphous zones 
resulting in the release of rigid, rod-like monocrystalline cellulose domains. This was first 
reported by Rånby around the 1950s (Rånby 1951). Since then, these monocrystalline domains 
have been referred to by several names: cellulose nanocrystals (CNC), nanocrystalline cellulose 
(NCC), cellulose whiskers/nanowhiskers (CW/CNW), nano-rods, cellulose microcrystals 
(CMC), microcrystallites, etc. Cellulose nanocrystals (which is the preferred terminology used 
in this study) are typically 50-600 nm long and 2-20 nm wide (Peng et al. 2011; Li & Ragauskas 
2011; Majoinen et al. 2012; Chauhan and Chakrabarti 2012; Nge et al. 2013). They have large 
aspect ratios, 20-60 (Chauhan and Chakrabarti 2012), are almost 100% pure cellulose with a 
                                                 
15
 http://mwp.org/ 
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high crystallinity, 54-88% and contain between 68-94% cellulose 1β crystal structures (Moon 
et al. 2011).  
The range of dimensions, morphologies and degree of crystallinity of the CNC depend on the 
cellulose source and the process that was used to produce the nano-particles (Habibi et al. 2010; 
Li & Ragauskas 2011; Nge et al. 2013). For example, CNC obtained from bacterial cellulose 
are generally larger in size compared to those obtained from wood (Table 2-1). This may be 
due to the highly crystalline nature of bacterial cellulose, and subsequently, the lower amounts 
of amorphous cellulose that needs to be removed, thereby resulting in larger sized nano-crystals 
(Beck-Candanedo et al. 2005; Peng et al. 2011; Brinchi et al. 2013). In addition, several 
researchers have produced spherical CNC (Nge et al. 2013; Satyamurthy & Vigneshwaran 
2013). Figure 2-5 lists examples of CNC produced from different raw material cellulose 
sources. Generally, CNC differs from the bulk cellulose material from which it was prepared. 
This is mainly due to differences in its tensile strength and modulus, and its surface charge, 
area, and energy. There are also other differences related to its optical properties, crystalline 
structure and by virtue of its nano-size. As as a result, they offer promising opportunities for 
application in several areas (Siqueira et al. 2010; Peng et al. 2011; Jonoobi et al. 2015). 
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Figure 2-5: Transmission electron microscopy (TEM) images of CNC produced from  wood (A); tunicate 
(B); algae (C) and  scanning electron microscope (SEM) image of CNC produced from bacterial cellulose 
(D) (Moon et al. 2011). 
 
 
2.5 Raw material feedstock for production of cellulose nanocrystals 
Most cellulosic materials can be considered as potential feed stocks for the production of CNC 
(Leung et al. 2011; Voskoboinikov et al. 2011). In this regard, softwood kraft pulp (Li, Wang 
& Liu 2011), softwood sulphite pulp (Beck-Candanedo et al. 2005), hardwood kraft pulp (Beck-
Candanedo et al. 2005; Kaushik et al. 2014), MCC (Bondeson et al. 2006; Gindl & Keckes 
2005; Oksman et al. 2006; Leung et al. 2011), recycled fibre pulp (Filson & Dawson-Andoh 
2009; Tang et al. 2015), hemp (Cao et al. 2008; Leung et al. 2011), jute (Abraham et al. 2011), 
wheat straw (Alemdar & Sain 2008; Rahimi & Behrooz 2010; Kaushik et al. 2010), bamboo  
(Liu & Xie 2012; Brito et al. 2012), flax (Leung et al. 2011), banana  (Abraham et al. 2011), 
sisal  (Morán et al. 2008), pineapple leaves (Abraham et al. 2011), ramie (Zoppe et al. 2009), 
sugar cane bagasse (Mandal & Chakrabarty, 2011), bacterial cellulose (George et al. 2011; 
Leung et al. 2011), tunicate cellulose (Ruiz et al. 2000; Goussé et al. 2002) and cotton linters 
A B 
C D 
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(Morais et al. 2013) have all been studied and utilised as cellulose sources for the production 
of CNC. Figure 2-6 shows a few examples of these cellulose sources. 
 
 
Figure 2-6: Examples of cellulose sources for CNC production: green algae (A)16; bluebell tunicate, 
Clavelina moluccensis (B)17; wet bacterial cellulose removed from a culture (C)18; ramie plant, 
Boehmeria nivea (D)19; cotton (E) 20; hardwood, Eucalyptus grandis wood (F)21. 
 
 
Wood is considered a particularly attractive starting material for production of CNC due to its 
great abundance and availability and high cellulose content (Brinchi et al. 2013). However, due 
to its heterogeneity and low crystallinity, direct utilisation of wood for the production of CNC 
is deemed not viable. Efficient fractionation of its chemical components and isolation of 
                                                 
16
 http://microbiologyworld081.blogspot.co.za/2009/08/algae.html 
17
 "Bluebell tunicates Nick Hobgood" by Nhobgood. Licensed under CC BY-SA 3.0 via Commons-
https://commons.wikimedia.org/wiki/File:Bluebell_tunicates_Nick_Hobgood.jpg#/media/File:Bluebell_tunicates_Nick_Hobgood.j
pg. 
18
 "Microbial cellulose pellicle". Licensed under Public Domain via Commons - 
https://commons.wikimedia.org/wiki/File:Microbial_cellulose_pellicle.JPG#/media/File:Microbial_cellulose_pellicle.JPG. 
19
 "Boehmeria nivea 1" by ja.wikipedia.org (ja:Boehmeria_nivea_1.jpg). Licensed under CC BY-SA 3.0 via Commons - 
https://commons.wikimedia.org/wiki/File:Boehmeria_nivea_1.jpg#/media/File:Boehmeria_nivea_1.jpg 
20
 "Cotton" by KoS. Licensed under Public Domain via Commons - 
https://commons.wikimedia.org/wiki/File:Cotton.JPG#/media/File:Cotton.JPG 
21
 CSIR, Biorefinery Industry Development Facility (BIDF) archives. 
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cellulose is first required for its effective utilisation (Abraham et al. 2011). Processing of wood 
for the production of CNC usually requires a multi-stage process consisting of individual 
chemical and mechanical treatments to isolate the cellulosic nanofibres (Kalia et al. 2011; 
Leung et al. 2011). A schematic of the main unit operations when using wood and other plant 
materials to produce CNC is shown in Figure 2-7. In the case of wood, the first stage of the 
process can be referred to as the pre-treatment stage and consists of several individual unit 
operations that work in concert to remove the lignin and hemicelluloses matrix, and other minor 
components such as extractives and inorganic contaminants, to produce pure cellulose (George 
et al. 2011).  
The second stage involves a controlled chemical treatment such as acid hydrolysis, enzymatic 
hydrolysis or chemical oxidation, which is applied to the isolated cellulose to degrade the 
amorphous regions resulting in a suspension of the crystalline nano-cellulose (Brinchi et al. 
2013). Table 2-2 is a brief summary of the pre-treatment options to isolate cellulose from 
various lignocellulosic sources, followed by the post pre-treatment used to hydrolysed cellulose 
to produce CNC. Where available, the yields and dimensions of the CNC are also listed. Given 
that the objective of the study was to produce CNC from sawdust waste streams from the FTPP 
sector, the review of the literature going forward focussed primarily on wood as the starting 
raw material cellulose source for production of CNC. 
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Figure 2-7: Schematic of the main unit operations required to produce CNC from lignocellulosic biomass 
(adapted from Brinchi et al. 2013). 
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Raw material 
source 
Pre-treatment process Hydrolysis process CNC yield 
(%) 
Length 
(nm) 
Width  
(nm) 
References 
Hardwood Eucalyptus 
kraft pulp 
No pre-treatment H2SO4 hydrolysis (64%, 45°C, 25 min, 9 ml 
g-1 acid:pulp ratio) 
not stated 145 ± 25 6 ± 1.5 de Mesquita et al. 
(2010) 
Bleached softwood kraft 
pulp 
 
Pre-treatment with 4% NaOH, 80°C, 2 
h, 5 ml g-1 caustic:pulp ratio. This was 
followed by dimethyl sulphoxide 
(DMSO) treatment at 80°C, 2 h, 5 ml g-1 
DMSO:pulp ratio 
Ultrasonic assisted H2SO4 hydrolysis (64%, 
45°C, 1.5 h, 10 ml g-1 acid:pulp ratio)  
not stated 96  10-20 
 
Li et al. (2011) 
Bleached hardwood 
Eucalyptus kraft pulp 
Ground in Wiley mill to less than 20 
mesh screen 
H2SO4 hydrolysis (64%, 45°C, 25 min, 8.75 
ml g-1 acid:pulp ratio), followed by dilution, 
centrifugation, dialysis and 7 min 
ultrasonication 
not stated 147 ± 7 4.8 ± 0.4 Beck-Candanedo et 
al. (2005) 
Bleached softwood 
sulphite pulp 
Ground in Wiley mill to less than 20 
mesh screen 
H2SO4 hydrolysis (64%, 45°C, 25 & 45 min, 
8.75 & 175 ml g-1 acid:pulp ratio), followed by 
dilution, centrifugation, dialysis & 7 min 
ultrasonication  
not stated 141 ± 6 5.0 ± 0.3 Beck-Candanedo et 
al. (2005) 
MCC (Norway spruce 
sulphite pulp) 
No pre-treatment H2SO4 hydrolysis (63.5%, 44°C, 130 min,  10 
ml g-1 acid:MCC ratio) and 30 min ultrasonic 
treatment 
30 200-400 <10 Bondeson et al. 
(2006) 
Recycled fibre Recycled pulp obtained from 
commercial wood pulp and used 
business paper soften by stirring for 2 h 
in deionized water and phosphate 
buffer 
Treatment with endoglucanase enzyme at 
varying temperature, media and pH using 
microwave and conventional heating 
38.2 ± 2.5 
 
100-1800 
 
30-80 Filson et al. (2009) 
Pineapple fibres Pre-treatment with 2% NaOH for 6 h at 
30°C, followed by steam explosion, and 
NaClO2 bleaching (pH 2.3, 1 h at 50°C) 
Steam explosion together with alkaline 
extraction, bleaching and acid hydrolysis 
not stated not stated 5-50  Abraham et al. 
(2011) 
Ramie fibres 4% NaOH treatment at 80°C. Pre-
treatment process was repeated twice 
H2SO4 hydrolysis (65%, 55°C, 45 min), 
centrifugation, dialysis 
not stated 100-250 3-10  Zoppe et al. (2009) 
Sisal fibres Complex pre-treatment involving 
dewaxing and subsequent treatment 
with 0.1 M NaOH, ethanol, H2O2, 
Na2B4O7, HNO3 and CH3COOH. Or 
following dewaxing, the fibres were 
treated with 0.7% NaClO2, 5% NaHSO4 
and 17.5% NaOH 
H2SO4 hydrolysis (60%, 45°C, 30 min) not stated 
 
not stated 
 
30.9 ± 12.5  Morán et al. (2008) 
 
 
Sugar cane bagasse 
Bleached with 0.7% NaClO2 and boiled 
with 5% Na2SO3 followed by boiling in 
17.5% NaOH. Final treatment with 
DMSO. 
H2SO4 hydrolysis (60%, 5 h, 50°C) followed 
by washing, centrifugation to pH>5, & 
sonication (5 min) 
not stated 18-220 not stated Mandal & 
Chakrabarty (2011) 
Table 2-2: Summary of the pre-treatment options to isolate cellulose from various lignocellulosic sources, followed by the post pre-treatment used to hydrolyse 
cellulose to produce CNC. 
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Flax 
 
 
Complex pre-treatment involving 
grinding, followed by chemical 
treatment using 12% NaOH or 
ultrasonic treatment using 50 mM 
phosphate buffer, or microwave 
treatment using 50 mM phosphate 
buffer or 2% NaOH at 80 or 120°C 
Treatment with endoglucanase enzyme (58 
IU, 50°C, 24 h) followed by centrifugation, 
washing and ultrasonication 
not stated 100-400 5-15 Xu et al. (2013) 
Cotton No pre-treatment H2SO4 hydrolysis (65%, 30 min, 45-72°C) 
followed by 4 min sonication and dialysis to 
neutral pH 
not stated 105-141 21-27 Elazzouzi-Hafraoui 
et al. (2008) 
Cotton linters No pre-treatment H2SO4 hydrolysis (60%, 60 min, 45°C,)  
followed by centrifugation and dialysis to 
neutral pH 
not stated 177 12 Morais et al. (2013) 
Bacterial Boiled in 0.2 M NaOH for 30 min, 
followed by washing with water to a 
neutral pH. Thereafter mechanically 
disintegrated to a cellulosic paste using 
a laboratory blender at 5000-6000 rpm 
for 30 min at ambient temperature. 
Treatment with cellulase enzyme (700 U g-1, 
50°C, 24 h) followed by centrifugation and 
washing or H2SO4 hydrolysis (65%, 30 min 
at 45°C) 
not stated 100-300 10-15 George et al. (2011) 
Tunicate Purified by alternating treatments with 
KOH and NaClO2 
H2SO4 hydrolysis  (48%, 13 h, 55°C) 
followed by centrifugation, 1 min sonication 
and dialysis to neutral pH 
not stated 1073 28 Elazzouzi-Hafraoui 
et al. (2008) 
Banana fibre Pre-treatment with 2% NaOH for 6 h at 
30°C followed by steam explosion, and 
NaClO2 bleaching (pH 2.3, 1 h at 50°C) 
 
5% oxalic acid hydrolysis followed by steam 
explosion. Thereafter washing and 
sonication. 
not stated not stated 5-50  Abraham et al. 
(2011) 
Wheat straw 
 
Soaked in 2% NaOH overnight, then 
steam exploded with 10-12% NaOH in 
autoclave for 4 h. Bleaching was 
carried out by soaking in 8% H2O2 
Ultrasonic treatment in 10% HCl for 5 h at 
60°C followed by high homogenisation for 15 
min 
not stated not stated 30-40  Kaushik et al.  
(2010) 
Hemp Cut into small fragments H2SO4 hydrolysis (64%,  4 h, 45°C) followed 
by dialysis and 30 min sonication 
not stated not stated 30 ± 10 Cao et al. (2008) 
Bamboo fibre Pre-treated four times using 2% NaOH 
at 90°C for 4 h followed by 2 bleaching 
steps at 80°C  for 3 h using NaClO2 and 
acetate buffer.  
H2SO4 hydrolysis (64%, 40 min, 50°C) 
followed by 4 min sonication and dialysis to 
pH 6 
30 100 ± 28 8 ± 3 Brito et al. (2012) 
Jute 
 
Pre-treatment with 2% NaOH for 6 h at 
30°C, followed by steam explosion, and 
NaClO2 bleaching (pH 2.3, 1 h at 50°C). 
5% oxalic acid hydrolysis followed by steam 
explosion. Thereafter washing and 
sonication. 
not stated not stated 15-25 Abraham et al. 
(2011) 
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2.6 Wood chemical composition 
Cellulose is the main constituent of wood, averaging about 30-40%. Intimately bound with this 
is a mixture of polysaccharides called hemicelluloses (McGinnis & Shafizadeh 1980). 
Structurally, the hemicelluloses differ from cellulose in that they are branched and have much 
lower molecular weights (Sjöström 1981). Unlike cellulose, which is a homo-polysaccharide, 
hemicelluloses are hetero-polysaccharides. These polymers yield, on hydrolysis, the hexose 
sugars glucose, mannose and galactose, and the pentose sugars, xylose and arabinose 
(Browning 1970). In addition to the polysaccharides, there is lignin, an amorphous, high 
molecular weight, three dimensional macromolecule originating from phenyl-propanoid 
precursors such as coumaryl, coniferyl and sinapyl alcohol (Abreu et al. 1999). In wood, lignin 
occurs between individual cells and within the cell walls (Figure 2-8). Between the cells 
(middle lamella, ML), it serves as a binding agent or glue that holds the cells together. Within 
the cell walls, it is intimately associated with cellulose and serves to impart rigidity to the cell. 
The primary wall (P) is a thin layer consisting of cellulose, hemicelluloses, pectin and protein, 
and is completely embedded in lignin. Microfibrils are arranged in thin crossing layers in the 
primary wall (Fengel & Wegner 1984). The secondary wall is made up of three layers (S1; S2; 
S3), all of which are composed of cellulosic microfibrils embedded in an amorphous matrix of 
hemicelluloses and lignin. The most important layer is the S2 layer which makes up about 80% 
of the fibre wall (Batchelor et al. 1997; French et al. 2000). In order to produce CNC from 
wood, the cellulose must be separated from the lignin and the hemicelluloses. 
 
Figure 2-8: Schematic of cell wall (Smook 1992). 
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2.7 Isolation of cellulose from wood: pulping and bleaching  
The two conventional (industrial) chemical delignification processes for wood are the sulphite 
and the kraft pulping processes. Of the two processes, the kraft process is the dominant one, 
accounting for 90% of all chemical pulps produced worldwide (Tran & Vakkilainnen 2008; 
Sixta & Schild 2009). Figure 2-9 shows a schematic layout of a modern kraft pulp mill. The 
process, first patented in 1884 (Smook 2002), involves cooking wood chips in digesters 
(reactors) at temperatures of about 170°C, and in aqueous solutions of sodium hydroxide and 
sodium sulphide (Kerr 1970). The objective is to promote lignin fragmentation and 
depolymerisation and subsequent dissolution of the reaction products, whilst minimising 
carbohydrate degradation and dissolution (Carvalho et al. 2000). The kraft process is not totally 
selective for lignin though, and the carbohydrates are also degraded to a certain extent (Grace 
et al. 1996) which leads to reduced pulp yield and intrinsic viscosity (Carvalho et al. 2000). 
Depending on the level of delignification required, the residual lignin concentration in the 
resulting pulp may range between 1-10% of the total dry mass (Hubbe et al. 2008) and is 
responsible for imparting a brown colour to the pulp.  
 
 
Figure 2-9: Schematic of modern kraft pulp mill (Axegård 2011). 
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In order to selectively target further removal of lignin from the pulp, the pulp is often subjected 
to bleaching which, in addition to removing lignin, also brightens and cleans the pulp. The 
bleaching process is made up of a continuous sequence of process stages that utilise different 
chemicals in each stage. Oxygen delignification (designated as O stage) is widely used as the 
initial stage in bleaching and is often regarded as an extension of the pulping process. It is 
usually carried out in alkaline medium, as the alkali promotes the solubility of lignin and 
neutralises the acidic products from lignin and the carbohydrates (Li et al. 1996). However, 
oxygen delignification also exhibits poor selectivity to lignin at low lignin concentrations and 
delignification is limited to 50-55% (Agarwal et al. 1999). Degradation of cellulose and other 
wood polysaccharides during oxygen bleaching is due to oxygen initiated free radical chain 
reactions that are influenced by the presence of hydrogen peroxide and transition metal ions 
(Singh & Dillner 1979). This is often also accompanied by a loss in pulp yield and intrinsic 
viscosity. One approach for dealing with transition metals is to remove them by acid washing 
before the oxygen delignification stage, or by the addition of a protector such as magnesium 
that inhibits carbohydrate degradation (McDonough 1996). Chlorine dioxide bleaching (D 
stage) often follows oxygen delignification. Chlorine dioxide is highly selective for lignin, but 
is sometimes consumed in reactions other than delignification. Unwanted reactions of chlorine 
dioxide with hexenuronic acids are of particular concern, especially in the case of hardwoods 
(Buchert et al. 1995; Vuorinen et al. 1999; Lachenal et al. 2006; Andrew et al. 2008). Ozone (Z 
stage) is another powerful oxidising agent that can also be used. Ozone is a very efficient 
oxidant that reacts with most organic compounds. The role of ozone is to replace chlorine 
dioxide, and its use centres on reducing the operating and chemical costs and improving the 
environmental impact of the bleaching process (Hostachy 2010). Examples of other oxidising 
bleaching chemicals include hydrogen peroxide (P stage), sodium hypochlorite (H stage), and 
per-acetic acid (Paa stage). In between each oxidising stage, sodium hydroxide (E stage) is used 
to extract the lignin made potentially soluble by the previous oxidising stage, and to reactivate 
the pulp to further oxidation (Berry 1996). Enzymes such as xylanase (X stage) that catalyse 
xylan hydrolysis and aid in the removal of lignin are also used during bleaching (Thakur et al. 
2012). Examples of typical bleaching sequences include ODEDED, OZDED, etc.  
The pulp remaining after the pulping and bleaching processes consists mainly of 
polysaccharides, especially cellulose. The typical fibre lengths and widths range between 3-12 
mm and 25-75 µm and 1-2 mm and 15-30 µm for softwood and hardwood pulps, respectively. 
Typical length-to-width aspect ratios range between 50:1 and 100:1 (Hubbe et al. 2008).  
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2.8 Production of cellulose nanocrystals from cellulose 
2.8.1 Acid hydrolysis 
Acid hydrolysis appears to be the main process for isolation of CNC from pure cellulose (Dong 
et al. 1998; Beck-Candanedo et al. 2005; Bondeson et al. 2006; Peng et al. 2011). Strong acids 
diffuse into the cellulose matrix and subsequently break down the disordered/para-
crystalline/amorphous regions of cellulose whilst the crystalline regions, which are resistant to 
acid, remain intact and are liberated in the suspension as nano-sized crystals (Habibi et al. 
2010). As early as the 1950’s, researchers showed that colloidal suspensions of cellulose can 
be obtained by controlled acid-catalysed degradation of cellulose (Rånby 1951). However, the 
process is highly dependent on the acid species, concentration, hydrolysis temperature and time 
(Chauhan & Chakrabarti 2012). Although several acids have been tested for hydrolysis 
(hydrochloric, nitric, sulphuric, oxalic), only CNC produced using sulphuric acid has resulted 
in stable suspensions (Li & Ragauskas 2011; Moon et al. 2011; Chauhan & Chakrabarti 2012). 
As a result, sulphuric acid is the preferred choice for hydrolysis and is most frequently used. 
The suspension stability when using sulphuric acid for hydrolysis is attributed to the charged 
half-ester groups are created on the surface of the CNC during hydrolysis through esterification 
of cellulose hydroxyl groups to sulphate groups (Favier et al. 1995; Peng et al. 2011). This 
results in the introduction of negative charges on the CNC leading to electrostatic repulsion 
between the individual nanoparticles (Figure 2-10). This keeps the nanoparticles well dispersed 
in water thereby producing a stable, colloidal dispersion of rod-like nanoparticles (Favier et al. 
1995; Moon et al. 2011; Majoinen et al. 2012). Sulphuric acid hydrolysis conditions can range 
between 10 min at 70°C to 3 h at 45°C, at selected acid-to-cellulose ratios and acid 
concentrations ranging between 60-70% (Li & Ragauskas 2011). The acid hydrolysis reaction 
is normally quenched by dilution with deionised water.  
The neutralisation of the CNC suspension is usually accomplished by repeated centrifugation, 
sonication, dialysis and ultrafiltration until a constant pH is achieved. In some studies, 
differential centrifugation techniques have demonstrated production of CNC with a narrow size 
distribution (Bai et al. 2009). Ultra-sonication, which is also necessary to separate the individual 
CNC particles, is usually carried out in plastic reaction vessels to prevent the release of ions 
from glass reaction vessels. Constant cooling of the reaction vessel during sonication is also 
required to prevent de-sulphonation of the cellulose groups (Dong et al. 1998).  
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Figure 2-10: Esterification of cellulose hydroxyl groups during sulphuric acid hydrolysis (Li & Ragauskas 
2011). 
 
 
Dong et al. (1998) provided a detailed report on the hydrolysis of cellulose using sulphuric acid. 
In their study, Whatman number 1 filter paper was used as the starting material. The acid 
hydrolysis conditions were optimised by varying the hydrolysis time and temperature, whilst 
keeping the concentration of the sulphuric acid constant at 64% (w/v) and the ratio of the filter 
paper-to-acid at 1:8.75 g ml-1. The optimum conditions were a reaction temperature of 45°C 
and time of 60 min, which resulted in a yield of 43.5% (w/v). It was ascertained that that lower 
ambient temperatures required excessively long reaction times whereas shorter reaction times 
at the lower temperature were not sufficient to degrade cellulose significantly. At higher 
temperatures around 65°C, it was difficult to control the hydrolysis reaction, leading to 
dehydration and yellowing of the suspension during the initial stages of the reactions. If the 
reaction was allowed to proceed for longer at the higher temperatures, the suspension turned 
black. Similar optimisation studies were carried out by Bondeson et al. (2006) who used a 
response surface methodology to evaluate the hydrolysis conditions for the production of CNC. 
They ascertained that time and temperature of the hydrolysis reaction, together with the 
concentration of the sulphuric acid, were important factors to consider in the preparation of 
aqueous stable colloidal suspensions of CNC from MCC obtained from Norway spruce sulphite 
pulp. The optimal conditions for acid hydrolysis of the MCC were 63.5% (w/w) sulphuric acid
 
concentration, 10 ml g-1 acid-to-MCC ratio, 130 min hydrolysis time, 44°C, and 30 min 
ultrasonic treatment, which produced CNC between 200-400 nm in length and less than 10 nm 
wide. The yield achieved was around 30%. 
Table 2-3 shows a compilation of the preparation conditions employing sulphuric acid, and the 
average dimensions of CNC derived from mainly wood sources. 
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Table 2-3: Dimensions of cellulose nanocrystals produced using sulphuric acid hydrolysis (adapted from 
Li & Ragauskas 2011). 
Cellulose source H2SO4  
(%w/w) 
Time  
(min) 
Temp 
(°C) 
Acid:cellulose 
ratio 
(ml g-1) 
Dimensions (l x w) 
(nm) 
Softwood Pulp 64 10 70 8.75 ~200 x 5 
 60 50 <70 8.75 ~200 x 5 
 65 10 70 10 185 ± 75 x ~3.5 
 65 60 45 8.75 185 ± 75 x ~3.5 
 64 45 45 17.5 100-250 x 5-15 
Hardwood Pulp 64 25 45 8.75 147 ± 7 x 3-5 
 64 25 45 8.75 141 ± 6 x 5.0 ± 0.3 
 64 45 45 8.75 120 ± 5 x 4.9 ± 0.3 
 64 45 45 17.5 105 ± 4 x 4.5 ± 0.3 
MCC 63.5 130 44 10 200-400 x <10 
 64 300 45 8.75 41-320 x <100 
 64 180 45 17.5 60-120 x 8-10 
 64 - 45 8.75 100-225 x 10-15 
 
 
The use of other acids such hydrochloric acid for hydrolysis of cellulose to produce CNC has 
also been studied. However, a major difference in properties of CNC produced using 
hydrochloric acid compared to that produced using sulphuric acid is the tendency of the CNC 
particles to agglomerate (Peng et al. 2011). Cellulose nanocrystals produced using sulphuric 
acid are readily dispersible in water due to negatively charged sulphate groups on their surfaces. 
Another example is the work of Zeni et al. (2015) who used 37% hydrochloric acid to hydrolyse 
Eucalyptus kraft pulp to produce CNC measuring 90 nm long and 2.2 nm wide. The hydrolysis 
conditions they employed were a temperature of 45°C, reaction time of 30 min and acid-to-pulp 
ratio of 13 ml g-1. 
Using an acid mixture containing hydrochloric and sulphuric acids, Zhang et al. (2007) 
produced spherical nanoparticles with diameters ranging between 60-570 nm (Figure 2-11). 
Their process involved a complex pre-treatment stage in which pure cellulose fibres were 
subjected to treatment with 5 M NaOH at 80°C for 3 h, followed by further treatment with 
dimethyl sulphoxide (DMSO) at the same reaction conditions as the alkaline pre-treatment. The 
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subsequent acid hydrolysis stage that followed was also carried out at 80°C, but at a longer 
reaction time of 8 h. This process was originally described by Li et al. (2001).  
 
    
Figure 2-11: Scanning electron microscopy (SEM) image of a well dispersed (A) and aggregated (B) 
suspension of spherical cellulose nano-particles (Zhang et al. 2007). 
 
 
Yan et al. (2013) prepared anhydrous phosphoric acid from poly-phosphoric acid and 85% 
phosphoric acid which they then used to treat cotton at 40°C for 3 h to produce CNC. Espinosa 
et al. (2013) showed that slightly phosphorylated CNC produced from phosphoric acid 
hydrolysis of cotton can result in the formation of readily dispersible and stable suspensions. 
Tang et al. (2015) produced CNC from old corrugated cardboard using phosphoric acid and 
enzymatic hydrolysis followed by sonication.  
Liu et al. (2014) produced CNC measuring between 15-40 nm wide and several hundred 
nanometers long from bleached pulp fibres using a novel approach with phospho-tungstic acid. 
Using a similar approach with phospho-tungstic and acetic acids, Torlopov et al. (2017) 
produced CNC from cotton cellulose. Furthermore, other studies have used organic acids to 
produce CNC from bleached chemical pulps, examples of which include formic (Li et al. 2015) 
and oxalic (Chen et al. 2016) acids. 
 
B A 
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 2.8.2 Enzymatic treatment  
George et al. (2011) studied the production of CNC from bacterial cellulose using cellulose 
enzymes and compared the properties of the resulting CNC to that produced using acid 
hydrolysis. The bacterial cellulose was first purified in a sodium hydroxide solution, followed 
by mechanical disintegration in a blender before treatment with a commercially available 
enzyme from Trichoderma reesei.  Under optimum enzymatic hydrolysis conditions, the 
authors ascertained that the enzyme-produced CNC had better mechanical and thermal 
properties than CNC produced using acid hydrolysis. By incorporating the enzyme-produced 
CNC into poly vinylalcohol (PVA) to produce nanocomposite films, they found that the melting 
points and tensile strengths of the films were significantly improved compared to 
nanocomposite films reinforced with CNC produced using acid hydrolysis. 
Filson et al. (2009) used endoglucanase to treat recycled pulp to produce CNC. The recycled 
pulp was a mixture of commercial wood pulp and pulp produced from used printing and writing 
papers. The optimum hydrolysis conditions that gave maximum CNC yields were a temperature 
of 50°C, a reaction time of 60 min and an enzyme dosage of 84 EGU of endoglucanase per 200 
mg recycled pulp. 
Satyamurthy and Vigneshwaran (2013) used an anaerobic microbial consortium enriched for 
cellulase producers to treat MCC obtained from cotton fibres to produce spherical CNC with 
dimensions of 43 ± 13 and 119 ± 9 nm. 
 
 
2.8.3 Oxidative treatment 
Although acids are widely used to produce CNC, they are highly corrosive and require the use 
of expensive corrosion resistant equipment. In addition, acid hydrolysis is usually applied 
directly to pure cellulose that has been isolated from lignocellulosic biomass using several pre-
treatment routes. Therefore, the acid hydrolysis process can be complex and tedious when one 
considers the pre-treatment stages to isolate cellulose. As an alternative, ammonium persulphate 
has been proposed as a simple and versatile one-step procedure to produce highly crystalline 
carboxylated CNC from low lignin containing materials (Leung et al. 2011). Ammonium 
persulphate is an oxidant that exhibits low long term toxicity, is highly soluble in water and 
relatively inexpensive. In solution, the standard oxidation/reduction potential for the half-cell 
persulphate reaction is comparable to other strongly oxidising chemicals such as potassium 
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permanganate, ozone and hydrogen peroxide (Huang et al. 2002). A comparison of their 
oxidation potential is shown in Table 2-4. 
 
 
Table 2-4: Comparison of oxidation potential of APS with other common oxidising chemicals (Haung et 
al. 2002). 
 
Compound Half-cell reaction E0 potential (V) 
Persulphate S2O82- + 2e- → 2SO42- 2.01 
Ozone O3 (g) +2H+ +2e- = O2 (g) + H2O 2.07 
Permanganate MnO4- + 4H+ +3e- → MnO2 (s) + 2H2O 1.70 
Hydrogen peroxide H2O2 + 2H+ + 2e- = 2H2O 1.78 
 
 
The persulphate anion (also known as peroxy-disulphate or peroxo-disulphate anion) is the 
most powerful oxidant of the peroxygen family of compounds. Under normal atmospheric 
conditions, the persulphate oxidation is not effective. However, the oxidation rates are greatly 
enhanced under heat-, photo- or metal-catalysed conditions, giving rise to highly reactive 
species such as sulphate and hydroxyl radicals (Haung et al. 2002). These radicals may then 
initiate a series of radical chain reactions (Table 2-5) where organic materials are usually 
degraded. 
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Table 2-5: Radical chain reactions of ammonium persulphate (Berlin 1996 - cited in Haung et al. 2002). 
S2O82-  +             heat/hʋ → 2SO4·‒ 
S2O82-  + OM* → 2SO4·‒ 
SO4·‒  + H2O → HO.  +  HSO4- 
SO4·‒  + OM → OM.  +  products 
HO.  + OM → OM.  + products 
OM  + S2O82- → SO4·‒ 
SO4·‒  + HO. → chain terminating 
SO4·‒  + OM. → chain terminating 
2SO4·‒ → chain terminating 
HO.  + OM. → chain terminating 
2HO. → chain terminating 
2OM. → chain terminating  
S2O82‒    +    2H2O    →    2HSO4-  +   H2O2**  
*OM = organic material 
** reaction occurs under acidic conditions 
 
 
Leung et al. (2011) used 1 M APS at 60°C for between 3-16 h reaction time to produce CNC 
directly from plant material such as flax, hemp and triticale, from bacterial cellulose and from 
wood derived cellulose materials such as MCC. Cheng et al. (2014) used APS to produced CNC 
from Lyocell. The mechanism of CNC production using APS entails the radical anions, together 
with hydrogen peroxide, penetrating the biomass material, decolourising and removing lignin, 
hemicelluloses, and other plant material, whilst simultaneously breaking down the amorphous 
regions of cellulose to form CNC (Leung et al. 2011). In the case of plant materials, 
conventional delignification processes such as pulping and steam explosion and fractionation 
methods such as bleaching may not be necessary. However, according to Leung et al. (2011), 
based on the results they obtained, the method was only applicable to lignocellulosic biomass 
containing up to 20% lignin, as is the case with plant materials. They conceded that the process 
may not be applicable to wood as the starting raw material. 
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2.8.4 Solvent treatment 
Several researchers have used ionic liquids in the preparation of CNC. For example, 
Chowdhury & Hamid (2016) treated bleached pulp from jute stalk with 1 M 1-ethyl-3-
methyleimidazolium chloride ionic liquid, [EMIM]+Cl-, during ultrasonication for 30 min at 
90°C, resulting in CNC measuring 12-15 nm wide and 105 nm long. This was in comparison 
to CNC measuring 10-12 nm wide and 92 nm long produced from sulphuric acid hydrolysis 
under identical hydrolysis conditions as that used with the ionic liquid. 
Tan and co-workers (2015) treated pure cellulose with 1-butyl-3-methylimidazolium hydrogen 
sulphate [BMIM]+HSO4- ionic liquid, which they used as a catalyst as well as the solvent to prepare 
CNC. The 10% cellulose-ionic liquid solution was heated at 90°C for 1 h. 
Gindl and Keckes (2005) produced an “all cellulose composite” by partially dissolving MCC 
in N,N-dimethylacetamide containing lithium chloride (DMAc/LiCl). In this case, the 
regenerated cellulose served as the matrix and the undissolved MCC as the reinforcement.  
Oksman et al. (2006) prepared CNC from commercially available MCC that was swelled in a 
solution of DMAc/LiCl at 70°C for several hours followed by ultrasonication for a total of 3 h 
over a period of 5 days. The resulting CNC was then processed with polylactic acid to produce 
nano-biocomposites. 
 
 
2.9 Chemical characterisation of cellulose nanocrystals 
Several techniques have been developed for the chemical characterisation of CNC such as 
Fourier-transform infra-red (FTIR) spectroscopy (Goussé et al. 2002; Alemdar & Sain 2008; 
George et al. 2011; Leung et al. 2011; Li et al. 2011), nuclear magnetic resonance (NMR) 
spectroscopy (Goussé et al. 2002; Pääkkö et al. 2007; Leung et al. 2011; Nge et al. 2013), 
thermogravimetric (TG) and differential thermogravimetric (DTG) analysis (Oksman et al. 
2006; Alemdar & Sain 2008; Leung et al. 2011; George et al. 2011; Li, Wang & Liu 2011), x-
ray scattering/diffraction (XRD) analysis (Goussé et al. 2002; Gindl & Keckes 2005; Oksman 
et al. 2006; Filson & Dawson-Andoh 2009; Filson et al. 2009; Leung et al. 2011; Li et al. 2011; 
Nge et al. 2013), or light scattering techniques, including small angle neutron scattering (SANS) 
and polarised or depolarised dynamic light scattering (DLS  or DDLS) (Mao et al. 2017; Braun 
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et al. 2008; De Souza Lima et al. 2003). For the purposes of this study, three fundamental 
techniques (FTIR, TG/DTG and XRD analysis) were used and will be discussed briefly below. 
 
 
2.9.1 Fourier-transform infra-red spectroscopy 
Fourier transform infrared spectroscopy is a vibrational spectroscopic technique often used to 
study structural and compositional changes in cellulose after chemical treatment of the cellulose 
fibres (Goussé et al. 2002; Alemdar & Sain 2008; George et al. 2011; Leung et al. 2011; Li, 
Wang & Liu 2011). The bands/peaks in the observed spectra are molecule specific and provide 
information of the chemical composition. Figure 2-12 illustrates typical spectra of MCC and 
CNC produced from sulphuric acid hydrolysis of MCC. Table 2-6 summarises the expected 
spectral bands of cellulose, including lignin and the hemicelluloses.  
 
 
Figure 2-12: Typical FTIR spectra of CNC/NCC produced from sulphuric acid hydrolysis of MCC (Fu et 
al. 2012). 
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Table 2-6: Summary of FTIR bands in cellulose, lignin and hemicelluloses. 
Cellulosea Ligninb Hemicellulosesb 
Band position 
(cm-1) Assignment 
Band position 
(cm-1) Assignment 
Band position 
(cm-1) Assignment 
3348 O-H stretch 
(hydrogen 
bonded) 
4000-2995 O-H (acid, 
methanol) 
4000-2995 O-H (acid, 
methanol) 
2902 C-H stretching 2890 H-C-H (alkyl, 
aliphatic) 
2890 H-C-H (alkyl, 
aliphatic) 
1640 Adsorbed O-H, 
conjugated C=O 
1730-1700 aromatic 1765-1715 C=O (ketone 
and carbonyl) 
1430 C-H deformation 
(asymmetric) 
1632 C=C (benzene 
stretching ring) 
1108 OH (C-OH) 
1372 C-H deformation 
(symmetric) 
1613,1450 C=C (aromatic 
skeletal mode) 
  
1336 O-H in-plane 
deformation 
1430 O-CH3 
(methoxy) 
  
1318 CH2 wagging 1270-1232 C-O-C (aryl-
alkyl ether) 
 
  
1201 O-H 
deformation 
1215 C-O (phenol)   
1163 C-O-C 
asymmetric 
vibration 
1108 OH (C-OH)   
1112 Glucose ring 
stretch 
700-900 C-H (aromatic 
hydrogen) 
  
1059 C-O stretch     
1033 C-O stretch     
897 Glucose ring 
stretch, C1-H 
deformation 
    
aPandey (1999) 
bMorán et al. (2008) 
 
 
2.9.2 X-ray diffraction 
The crystallinity index of CNC can be measured using x-ray diffraction (Gindl & Keckes 2005; 
Oksman et al. 2006; Alemdar & Sain, 2008; Filson et al. 2009). Samples are scanned in the 2Ɵ 
range from 10° to 30°. Figure 2-13 gives an example of the x-ray diffractograms of MCC and 
CNC produced from sulphuric acid hydrolysis of MCC. The crystallinity index is usually 
measured using the method described by Segal et al. (1959) according to the following 
equation:  
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where I002 represents the maximum intensity of the (002) lattice diffraction peak corresponding 
to the plane in the sample with the Miller indices 200 at a 2Ɵ angle of 22-24°; and Iam 
corresponding to the intensity scattered by the amorphous (non-crystalline) cellulose measured 
as the lowest intensity at a diffraction angle around 17-18°. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-13: Typical x-ray diffractograms of CNC/NCC produced from sulphuric acid hydrolysis of MCC 
(Fu et al. 2012). 
 
 
2.9.3 Thermogravimetric analysis 
The onset of thermal chemical degradation or the thermal stability of CNC is determined using 
thermogravimetric analysis (TGA) (Oksman et al. 2006; Alemdar & Sain 2008; Leung et al. 
2011; George et al. 2011; Li, Wang & Liu 2011). Thermogravimetric analysis is a thermal 
analytic technique which measures the weight loss of a material as a function of increasing 
temperature at a constant heating rate (Moon et al. 2011). Depending on the heating rate, the 
CNC type (i.e. wood, plant, bacterial, etc.), and how it was prepared (by acids, enzymes, 
solvents, etc.), the onset of thermal degradation of CNC occurs between 200-300°C (Moon et 
al. 2011). Figure 2-14 provides typical TG curves for MCC and CNC produced from sulphuric 
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acid hydrolysis of MCC. The differential or first derivative of the TG curve (i.e. DTG) aids in 
identifying small thermal events and the corresponding temperatures on the TG curve more 
easily. 
 
 
Figure 2-14: Typical TG (A) and DTG (B) chromatograms of MCC and CNC (Li et al. 2012). 
 
 
2.10 Morphological characterisation of cellulose nanocrystals 
The morphological characteristics of CNC can be determined using various techniques 
including transmission electron microscopy, TEM (Dong et al. 1998; Goussé et al. 2002; 
Oksman et al. 2006; Pääkkö et al. 2007; Alemdar & Sain 2008; Filson et al. 2009; Leung et al. 
2011; Li et al. 2011; Nge et al. 2013), scanning electron microscopy, SEM (Alemdar & Sain, 
2008; Filson et al. 2009; Leung et al. 2011; Li, Wang & Liu 2011; Nge et al. 2013) and atomic 
force microscopy, AFM (Beck-Candanedo et al. 2005; Pääkkö et al. 2007; George et al. 2011; 
Leung et al. 2011; Nge et al. 2013). These techniques are regarded as the fundamental/classical 
techniques to determine the shape and size of CNC (Kaushik et al. 2014). The most commonly 
used technique is TEM, which is able to provide high-resolution images. The use of TEM for 
size and shape characterisation of CNC offers several advantages (Kaushik et al. 2014): its 
resolution is ideal for imaging CNC; it allows visualisation of the individual particles; 
depending on the TEM grids used, sampling techniques are straight forward, reproducible and 
can be easily adapted. However, the technique is plagued by problems such as overestimation 
of the dimensions of the nanoparticles and aggregation of nanoparticles due to the drying step 
A B 
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used in the preparation of the sample (Brinchi et al. 2013). It also requires staining using uranyl 
acetate, which is relatively toxic and expensive. In addition, staining can lead to aggregation of 
the nanoparticles during drying and poor image analysis thereafter. This can be overcome by 
use of TEM in the cryogenic mode (Elazzouzi-Hafraoui et al. 2008; Pääkkö et al. 2007). During 
TEM analysis, a dilute suspension of CNC (~0.1% w/v) is dried on a carbon coated microscope 
grid. The particle dimensions are measured by manual counting from the TEM micrographs at 
around 55 000 times magnification. Several hundred individual particles are usually counted 
(Dong et al. 1998). 
Atomic force microscopy is widely used to provide images of the surface topography of CNC 
at the Angstrom level (0.1 nm) and at ambient conditions (Brinchi et al. 2013; Kvien et al. 
2005). However, this technique faces the same problem as TEM with over-estimation of the 
dimensions of the nanoparticles due to aggregation and tip-broadening (Brinchi et al. 2013; 
Pääkkö et al. 2007; Holt et al. 2010).  
 
 
2.11 Modification of cellulose nanocrystals 
Earlier in Figure 2-1, it was shown that the cellulose structure, and consequently CNC, exhibits 
a uniform distribution of hydroxyl groups on its surface where chemical reactions can be 
undertaken. In particular, the hydroxyl group on the sixth carbon acts as a primary alcohol, and 
is the site where most of the functionalisation takes place (Peng et al. 2011). During composite 
fabrication, the mechanical properties of the composites are largely attributed to the individual 
components that make up the composite material and to the interfacial adhesion of these 
components (Nakagaito & Yano 2004). Normal sized cellulosic fibres can be used in 
composites (Kalia et al. 2011) and may provide substantial improvements in strength and 
dimensional stability of the composite. However, the use of nano-sized cellulosic materials 
provides additional improvements and other unique characteristics (Hubbe et al. 2008). One of 
the major challenges encountered in the use of nano-cellulose particles in composite materials 
is the difficulty of dispersing the material uniformly in the matrix (Dufresne 2013; Islam et al. 
2013). Poor dispersion of the cellulose nano-particles has a negative impact on the mechanical 
properties of the composite. The very high specific surface area (S) of the nanosized cellulose 
fibres, results in an increase in the thermodynamic potential (G) which in turn leads to instability 
of the nano-particles. The thermodynamic potential is given by the equation (Islam et al. 2013): 
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∆G = σ∆S < 0; 
where σ is the specific surface energy. In order to achieve a more stable state, the nano-particles 
tend to agglomerate and aggregate due to hydrogen bonding of the hydroxyl groups on the 
surface of cellulose. This leads to the formation of large agglomerated structures and a decrease 
in the specific surface area, hence decreasing the thermodynamic potential and improving the 
stability of nano-sized cellulose particles (Ioelovich 2008). In addition to this, cellulose fibres 
are hygroscopic - in order to develop composites with improved mechanical strength and 
environmental performance, it is necessary to increase their hydrophobicity and to improve the 
interfacial adhesion between the matrix and CNC (Tian et al. 2014). Poor interfacial adhesion, 
low melting point and hydrophilicity is what makes cellulose fibre reinforced composites less 
attractive (Kalia et al. 2011). Chemical compatibility between filler and matrix are important to 
ensure adequate dispersion of filler and adhesion between both phases. Cellulosic materials 
tend to be incompatible with many plastics-based matrix materials such as polyethylene, 
polypropylene, styrene, etc. (Hubb et al. 2008). As a result, functionalisation of the CNC surface 
is an important approach for improving their dispersability and compatibility in various solvents 
or matrices that are suitable for the fabrication of composites (Peng et al. 2011). This 
functionalisation can be achieved by various direct reactions involving the hydroxyl groups 
found on the CNC surface and have thus led to the development of several surface modification 
methods as shown in Figure 2-15. It is important that any chemical 
modification/functionalisation of CNC is limited to its surface thereby ensuring that the original 
morphology of the CNC  are preserved, any polymorphic conversion is avoided and the 
integrity of the native crystalline structure is maintained (Habibi 2013).  
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Figure 2-15: Schematic showing the various types of chemical modifications possible on CNC surface 
(Peng et al. 2011). 
 
 
 
The surface modification/functionalisation strategies can be categorised into 3 types (Moon et 
al. 2011): 
• Functionalisation during CNC synthesis - this entails modification of the native surface 
chemistry of CNC due to the extraction procedure of CNC or the surface treatment of 
cellulose to produce CNC. Some examples include sulphuric acid treatment during acid 
hydrolysis of cellulose which results in the creation of ester groups through 
esterification of cellulose hydroxyl groups to sulphate groups (Figure 2-16A). When 
the extraction of CNC is accomplished using hydrochloric acid, hydroxyl groups are 
introduced onto the surface of the CNC (Figure 2-16B). TEMPO mediated hypochlorite 
treatment of cellulose (Figure 2-16C) results in the formation of carboxylic acid groups, 
whereas acetyl groups are formed from the treatment using acetic acid (Figure 2-16D).  
 
Polymer grafting 
Esterification TEMPO-media 
oxidation 
Fluorescently- 
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Figure 2-16: Different surface chemistries of CNC based on the method of production (Moon et al. 
2011). 
 
• Functionalisation by adsorption to the surface of CNC - due to their poor dispersibility 
in organic polymers, CNC may be stabilised using surfactants such as 
cetyltetramethylammoniumbromide (CTAB) (Figure 2-17A). In other instances, 
macromolecules are adsorbed using electrostatic adsorption techniques. 
Polyethyleneimine (PEI) is commonly deposited layer-by-layer (LbL) using 
electrostatic adsorption (Figure 2-17B).  
• Functionalisation by chemical modification - this involves covalent attachment of 
molecules or derivatisation of the CNC surface. Examples include sulphuric acid 
treatment that results in the formation of sulphate ester groups (Figure 2-18A); 
carboxylic acid halides that result in the creation of ester groups (Figure 2-18B); acid 
anhydrides that produce ester linkages (Figure 2-18C); epoxides that create ether 
linkages (Figure 2-18D); isocyanates that create urethane linkages (Figure 2-18E); 
TEMPO mediated hypochlorite oxidation that create carboxylic acids (Figure 2-18F); 
halogenated acetic acids that create carboxymethyl surfaces (Figure 2-18G) and 
chlorosilanes that produce oligomeric silylated layers (Figure 2-18H). 
 
D 
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Figure 2-17: Electrostatic adsorption of cetyltetramethylammoniumbromide (CTAB) and 
polyethyleneimine (PEI) to the sulphonated surface of CNC provides different functionalities (Moon et 
al. 2011).  
 
 
Figure 2-18: Common approaches for modification of CNC surfaces (Moon et al. 2011). 
 
 
Table 2-7 summarises the various types of modification of CNC. In the present study, the focus 
of the future applications of the CNC is on the fabrication of bio-composite materials 
incorporating the use of CNC, and as stated previously, the major challenge in using CNC for 
bio-composite applications is their poor dispersability and compatibility in different solvents or 
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matrices. As a result, various chemical modifications involving covalent attachment of 
molecules such as esterification, cationisation, carboxylation, silylation, fluorescein-5’-
isothiocyanate labelling and polymer grafting have been developed for the purpose of 
improving the stability of CNC in organic media or improving their compatibility with 
hydrophobic thermoplastic matrices (Klemm et al. 2011; Peng et al. 2011). These approaches 
are discussed briefly below within the context of CNC bio-composite manufacturing. Indeed, 
there is increasing research focusing on modification of CNC for other applications in several 
sectors, but at this stage, this is beyond the scope of this study.  
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Table 2-7: Summary of various functionalisation routes for modification of CNC (Peng et al. 2011). 
Type of modification Modification agent/approach References 
silylation series of alkyldimethylchlorosilanes Goussé et al. (2002) 
grafting polycaprolactone 
(PCL) 
grafting-to approach using isocynate-
mediated coupling reaction 
Habibi & Dufresne 
(2008) 
grafting of styrene, 
DMAEMA or azobenzene 
polymers 
grafting-from approach using surface 
initiated ATRP 
Yi et al. (2008) 
acetylation alkyenyl succinic anhydride (ASA) Yuan et al. (2006) 
surface acetylation 
vinyl acetate in the presence of potassium 
carbonate as a catalyst 
Çetin et al. (2009) 
Fischer esterification 
process 
mixture of acetic, hydrochloric and organic 
acids 
Braun & Dorgan (2009) 
surface to core 
esterification 
gas phase evaporation of large excess of 
palmitoyl chloride 
Berlioz et al. (2009) 
cationisation 
grafting epoxypropoyltrimethylammonium 
chloride (EPTMAC) 
Hasani et al. (2008) 
fluorescently labelled CNC fluorescein-5’-isothiocyanate (FITC) Dong & Roman (2007) 
TEMPO-media oxidation 
oxidation of hydroxyl groups to carboxylic 
acid groups using 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) 
Habibi et al. (2006) 
grafting of PEG-NH2 
reaction of PEG-NH2 and TEMPO 
oxidised CNC 
Araki et al. (2001) 
 
 
2.11.1 Silylation 
Uniform dispersion of CNC is difficult to achieve in non-polar organic solvents because of their 
polar surfaces (Islam et al. 2013). As a result, their applications have been limited to aqueous 
and other polar environments (Oksman et al. 2006; Yan et al. 2013). In order to overcome this 
and to obtain uniform, non-flocculated dispersions of cellulose in non-polar solvents such as 
alkanes, two approaches have been suggested (Goussé et al. 2002): (1) coating of the surface 
of cellulose with surfactants having polar heads and long hydrophobic tails, and (2) grafting 
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hydrophobic chains on the cellulose surface. In order to increase the degree of crosslinking in 
the cellulose-matrix interface region and to obtain perfect bonding, silane-coupling agents are 
often used (Kalia et al. 2011).  
Fibres are usually pre-treated with alkali prior to silylation because more reactive sites are 
generated for the silane reaction. In the presence of moisture, hydrolysable alkoxy groups result 
in the formation of silanols. The silanol in turn reacts with the hydroxyl groups present in 
cellulose and forms stable covalent bonds to the cell wall that are chemisorbed onto the fibre 
surface (Islam et al. 2013). The hydrocarbon chains resulting from the silane treatment restrict 
the swelling of the fibre by creating crosslinked networks due to the covalent bonding between 
the matrix and fibre. Examples of silane agents include isopropyldimethylchlorosilane (IPDM-
SiCl), n-butyldimethylchlorosilane (BDMSiCl), n-octyldimethylchlorosilane (ODMSiCl), and 
n-dodecyldimethylchlorosilane (DDMSiCl) (Goussé et al. 2002). Goussé et al. 2002 used 
controlled silylation using alkyldimethylchlorosilanes (alkyl groups ranged from isopropyl to 
n-butyl, n-octyl and n-dodecyl) to partially silylate CNC where only the surface of the cellulose 
was silylated and the core was left intact. They found that the partially silylated CNC with 
degree of substitution between 0.6-1.0 readily re-dispersed in medium polarity organic solvents 
such as acetone and tetrahydrofuran, and the morphological integrity of the CNC remained 
intact. However, when the degree of substitution exceeded 1.0, the surface chains of the highly 
silylated CNC were solubilised in the reaction medium, thereby exposing the inner core of the 
CNC and compromising its structural integrity and crystalline structure. 
 
 
2.11.2 Polymer grafting 
Polymer grafting can be used to impart specific properties to cellulose fibres (Kalia et al. 2011). 
Two main routes are used for grafting (Islam et al. 2013): (1) grafting onto, and (2) grafting 
from. In the “grafting onto” approach, pre-synthesised polymer chains are attached onto the 
hydroxyl groups on the cellulose surface using a coupling agent; whereas “grafting from” 
involves the formation of polymer chains by in situ surface initiated polymerisation reactions 
from immobilised initiators on the substrate (Habibi et al. 2010).  
There are three techniques available when using the “grafting onto” route (Tian et al. 2014): (1) 
reversible addition-fragmentation chain transfer (RAFT) polymerisation; (2) ring opening 
polymerization (ROP); and (3) atom transfer radical polymerization (ATRP). The ROP 
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technique is the more common of the three techniques. Tian et al. (2014) used the ROP 
technique to graft ε-caprolactone (ε-CL) to CNC. Briefly, the procedure involved pre-treating 
an aqueous suspension containing 0.5 g of CNC to solvent exchange or freeze drying. The pre-
treated suspension was then dispersed in dried toluene by ultrasonication. The polymer ε-CL 
was then added slowly into the solution and the polymerization was allowed to proceed for 24 
h. On completion of the reaction time, the modified CNC was recovered by precipitating the 
mixture in carbinol. The resulting product was washed thoroughly using dichloromethane and 
dried under vacuum for 48 h at 45°C (Tian et al. 2014). 
 
 
2.11.3 Acetylation and esterification 
Simultaneous hydrolysis of amorphous cellulose and Fischer esterification of the primary 
hydroxyl groups on cellulose (Figure 2-19) has been reported as a viable single-step process 
that allows for the isolation of acetylated CNC (Braun & Dorgan 2009). By using a mixture of 
acids composed of hydrochloric acid, together with organic acids such as acetic or butyric acid, 
functionalised CNC can be produced with dimensions comparable to CNC produced using 
hydrochloric acid alone for hydrolysis (Braun & Dorgan 2009).  
In order to hydrophobise the CNC surface, Fumagalli et al. (2013) used palmitoyl chloride in a 
gas phase process for the esterification of CNC. In this process, the CNC was first transformed 
into an aerogel by freeze-drying a dilute CNC suspension in mixture of water and butanol. 
Thereafter, the aerogel was exposed to the palmitoyl chloride vapours to effect the 
esterification. 
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Figure 2-19: One step procedure for producing esterified CNC using a mixture of hydrochloric and acetic 
acid (Braun & Dorgan 2009). 
 
 
2.11.4 Cationisation  
Stabilisation of CNC suspensions is usually achieved through steric effects (Araki et al. 2001) 
and chemical modifications of the surface with anionic groups that lead to electrostatic 
repulsion. However, surface cationisation using ammonium-containing groups has also been 
reported. Hasani et al. (2008) used epoxy-propyltrimethylammonium chloride (EPTMAC) as a 
cationisation agent for stabilisation of sulphuric acid-hydrolysed CNC. The process entailed the 
nucleophilic addition of the alkali activated hydroxyl groups to the epoxy moiety of EPTMAC 
and resulted in stable aqueous suspensions of CNC. (Peng et al. 2011; Habibi 2013). Briefly, 
the procedure of cationisation used by Hasani and team (2008) involved treating the CNC 
suspension with sodium hydroxide until a concentration of 7% (w/v) sodium hydroxide was 
achieved. The mixture was allowed to react for 30 min at room temperature with stirring. Upon 
completion of this reaction time, EPTMAC (1 equivalent/cellulose hydroxyl group) was added 
and the mixture was stirred for 5 h at 65°C. Upon completion, the mixture was diluted five-fold 
with deionised water and dialysed against pure water for 15 days using cellulose dialysis 
membranes with a 12 000-14 000 molecular weight cut-off. The resulting suspension was then 
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sonicated and filtered under vacuum before evaporation at reduced pressure and room 
temperature to the desired concentration. 
 
 
2.11.5 Non-covalent surface chemical modifications 
Cationic poly-electrolytes such as poly-amideamine epichlorohydrin, PAE (Ahola et al. 2008) 
poly-allylamine hydrochloride, PAH (Cranston & Gray 2006) and poly-
dimethyldiallylamonnium chloride, PDMAC (Aloulou et al. 2004) have been used to modify 
the surface of CNC non-covalently. Salajková, Berglund and Zhou (2012) used four quaternary 
ammonium salts for the surface modification of TEMPO oxidised-hydrochloric acid 
hydrolysed-CNC. These salts were stearyltrimethylammonium chloride, 
phenyltrimethylammonium chloride, glycidyl trimethylammonium chloride and 
diallyldimethylammonium chloride. In this study, hydrochloric acid hydrolysed CNC was 
favoured over sulphuric acid hydrolysed CNC because the sulphate esters groups at the surface 
of the CNC are labile and easily removed under mild alkaline conditions. 
 
 
2.11.6 Carboxylation 
Creation of carboxylic acid groups on the surface of CNC can be achieved by the TEMPO-
mediated oxidation of the hydroxymethyl groups in the presence of sodium bromide and sodium 
hypochlorite (Habibi et al. 2006; Peng et al. 2011). The procedure is highly selective for the 
surface primary hydroxyl groups and is regarded as a green process that is simple to implement 
(Habibi 2013). Due to the morphology and crystal axis of CNC, only about half of the surface 
hydroxymethyl groups are accessible for oxidation (Peng et al. 2011); whereas the remaining 
half lies buried within the core of the crystalline structure (Habibi 2013). The result of this is 
that the morphological integrity of the CNC is not compromised and the CNC forms a 
homogenous suspension when dispersed in water. This is due to the electrostatic stabilisation 
induced by the negatively charged carboxyl groups (Habibi 2013). Figure 2-20 shows a cross-
sectional representation of CNC and highlights the topologically confined reaction of TEMPO-
mediated oxidation. 
53 
Figure 2-20: Schematic of the TEMPO mediated oxidation of the surface hydroxyl-methyl groups of 
CNC. Inaccessible glucose units at the core (●) and at the surface of the crystal (●); and accessible 
glucose unit at the surface of crystal (o) (Habibi 2013). 
 
 
2.11.7 Fluorescence labelling 
Techniques involving the use of fluorescence labelling are widely used in the study of cellular 
up-take and bio-distribution of nano-particulate delivery systems by tracking the localisation of 
fluorophores (Peng et al. 2011). Dong & Roman (2007) developed a simple three-step reaction 
(Figure 2-21) to covalently attach fluorescein-5’-isothiocyanante (FTIC) to CNC. In the first 
step, the hydroxymethyl groups on the surface of CNC were reacted with epoxy functional 
groups via reaction with epichlorohydrin. In the second step, the epoxy ring was opened with 
ammonium hydroxide to introduce primary amino groups. Finally, the primary amino group 
was reacted with an isothiocyanate group of FITC to form a thiourea. By comparing the UV-
VIS absorption spectra of the FITC-labelled and unlabelled CNC, the researchers were able to 
detect FITC-labelled CNC within the 450-500 nm wavelength range.    
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Figure 2-21: Three-step reaction pathway for fluorescence labelling of CNC with fluorescein-5’-
isothiocyanante (Dong & Roman 2007). 
 
 
2.12 Properties and applications of cellulose nanocrystals 
Cellulose nanocrystals differ significantly from the original cellulose from which it was 
prepared. This is due to the significant differences in their crystalline structure and size, 
including their surface charge, area, and energy. As a result of this, they offer promising 
opportunities for application in several areas (Shatkin et al. 2014; Siqueira et al. 2010). Their 
properties are, however, dependent on the raw materials from which they were produced and 
the subsequent processing conditions used to produce them (Voskoboinikov et al. 2011). Due 
to their superior chemical, mechanical, optical and rheological properties, and the fact that they 
are naturally occurring, are biodegradable, biocompatible and are produced from renewable and 
sustainable materials, they show enormous potential to benefit society as a whole (George & 
Sabapathi 2015). Generally, applications of nanocellulose pertain to the use of NFC, which are 
produced primarily by mechanical means (discussed in Section 2.3). When CNC is used, it can 
be categorised into two types: (1) the use of CNC on its own or in a functionalised state, and 
(2) the use of composites wherein the CNC functions as the reinforcing agent (George & 
Sabapathi 2015). Table 2-8 lists some the applications of nano-cellulose in general and 
categorises them into three areas of applications: high volumes, low volumes, and novel and 
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emerging applications. This is useful, especially when identifying opportunities for 
commercialisation. 
 
 
Table 2-8: Applications of nano-cellulose materials (Shatkin et al. 2014). 
High volume applications Low volume applications Novel and emerging 
applications 
Cement Wallboard facing Medical, environmental, and 
industrial sensors 
Automotive body, parts and 
interior 
Insulation Construction reinforcement 
fibre 
Packaging and paper coating Aerospace structural 
components and interiors 
Air and water filtration 
Packaging and paper filling Aerogels for oil and gas 
industries 
Viscosity modifiers 
Hygiene and absorbent 
products 
Architectural, special purpose 
and original equipment 
manufacturing paints 
Purification 
Replacement for plastic 
packaging and films 
 Cosmetics 
Textiles for clothing  Excipients 
  Organic LED 
  Flexible or recyclable 
electronics 
  Photovoltaics 
  3D printing Photonic films 
 
 
It should be noted that in the case of CNC there is no single property that sets it apart from other 
materials, but rather it is the unique combination of relevant characteristics that gives it its 
superior performance and utility (Moon 2014). This topic is covered extensively in several 
books in the literature, a few examples being those of Lee (2018), Thakur (2015) and Postek et 
al. (2013). For the sake of brevity, only a few of the more important properties such as 
mechanical, liquid crystallinity and rheological properties, together with some associated 
applications are discussed here briefly.  
 
2.12.1 Mechanical  
The removal of amorphous cellulose during acid hydrolysis, and the subsequent formation of 
CNC, removes all the defects associated with the ultrastructure of cellulose (Moon et al. 2011). 
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This results in a high strength polymer that can be used as the reinforcement material in most 
composite applications, whose mechanical properties compare favourably, and often exceed 
those of traditional reinforcement materials such as stainless steel and Kevlar (see Table 2.9).  
 
 
Table 2-9: Mechanical properties of CNC in comparison to traditional reinforcing materials (Moon et al. 
2011). 
Material Density  
(g cm-3) 
Tensile 
strength (GPa) 
Modulus of 
elasticity, axial 
(GPa) 
Modulus of 
elasticity, 
transverse 
(GPa) 
Kevlar-49 fibre 1.4 3.5 124-130 2.5 
Carbon fibre 1.8 1.5-5.5 150-500 - 
Steel wire 7.8 4.1 210 - 
Clay nanoplatelets - - 170 - 
Carbon nanotubes - 11-63 270-950 0.8-30 
Boron nanowhiskers - 2-8 250-360 - 
CNC 1.6 7.5-7.7 110-220 10-50 
 
 
Orts et al. (2005) investigated the reinforcement of wheat starch thermoplastic monofilaments 
with CNC and reported significantly improved tensile strengths, especially at high shear rates. 
They determined that using up to 10% CNC, increased the Young’s modulus five-fold 
compared to a control sample with no addition of CNC. The elongation at maximum load also 
increased with increasing CNC addition up to a maximum of 5% CNC addition, and then 
remained relatively constant with further addition of CNC.   
Khan et al. (2013) investigated the mechanical and barrier properties of poly-caprolactone 
(PCL) reinforced with CNC produced from acid hydrolysis of commercially available bleached 
softwood kraft pulp. Varying the CNC content from 2-10% in PCL resulted in significant 
improvements in tensile strengths, tensile moduli, and barrier properties such as water vapour 
permeability and gas permeability. Further improvements were noted when the PCL-CNC 
composites were treated with gamma irradiation. In separate studies, Khan et al. (2012) also 
reported similar findings for chitosan composite films reinforced with CNC. 
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Cho and Park (2011) investigated the mechanical and thermal properties of poly-vinylalcohol 
(PVA) reinforced with CNC produced from acid hydrolysis of commercially available MCC. 
When the CNC content was varied from 1-7% in PVA, they reported an increase in the tensile 
strength and modulus with increasing CNC addition up to 5% dosage, followed by a levelling 
off at higher CNC additions. 
 
The high aspect ratio of CNC increases the strength of cementitious composites by as much as 
30%, with the addition of as little as 0.2% CNC (Cao et al. 2015). This has been attributed to 
the nanosized particles filling the small pores within the concrete, thereby leading to improved 
toughness and flexibility (Nelson et al. 2016). According to Fu et al. (2017), the small 
dimensions of CNC also allow for its adsorption onto the surface of the cement particles, 
thereby providing a steric stabilisation effect and the creation of pathways that facilitate the 
diffusion of water molecules from the hydrated outer shell to the inner un-hydrated core. As a 
result, in addition to the improvement in mechanical properties of cementitious materials, other 
enhancements have been noted with respect to its microstructure (Flores et al. 2017) and degree 
of hydration (Fu et al. 2017). Using CNC for reinforcement of cement may lead to reduced 
material and labour costs, and results in added benefits associated with reduced greenhouse gas 
emissions (Nelson et al. 2016). 
  
2.12.2 Liquid crystallinity 
CNC exhibits liquid crystalline behaviour similar to other particles such as polymer micro-
objects, viruses, alumina, etc. that share the same rigid, rod-like morphology of CNC. CNC also 
exhibits liquid crystalline behaviour (Moon et al. 2011; Salas et al. 2014; George & Sabapathi 
2015). Liquid crystallinity refers to a material that possesses properties between that of liquid 
and solid crystals. Due to their inherent morphology and high aspect ratios, CNC are also 
lyotropic and exhibit nematic behaviour that is chiral because of the helical twist of the cellulose 
crystallites down its long axis (Orts et al. 1998). This arrangement results in iridescent or 
pearlescent behaviour expressing itself as Schlierin texture when viewed under crossed 
polarized light (Filson et al. 2009; Pan et al. 2010). This is due to the birefringence of the 
individual domains that typically exhibit a fingerprint pattern rather than the cross-like pattern 
seen with normal nematic behaviour (see Figure 2-22).   
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Figure 2.22: Birefringent Schlierin structures (A) and fingerprint pattern of chiral nematic structures (B) 
of CNC when viewed under cross polarised light (Moon et al. 2011). 
 
 
The change in the display colours of the liquid crystalline phases due to changes in the 
concentration of CNC and the viewing angle are attributed to the cholesteric structure of CNC 
(Moon et al. 2011). The maximum peak wavelength (λ0) reflected by the CNC samples for 
incident light normal to the surface may be expressed as (Werbowyj & Gray 1984): 
 
λ0 = nePcosӨ 
 
where: 
ne = average refractive index 
P = helical pitch 
Ө = angle between the light propagation direction and the helix axis 
 
 
The values of λ0 may therefore be tuned by altering the helical pitch or the average refractive 
index of the CNC material (Godinho et al. 2014). The pitch, for example, can be altered by the 
addition of electrolytes to the CNC suspensions, increasing the CNC concentration and/or 
temperature, or application of a magnetic field (Pan et al. 2010). As a result, morphological 
characteristics of the CNC such as size and shape, in addition to other factors such as dispersity, 
charge and electrolyte concentration all affect the liquid crystallinity of CNC (George & 
Sabapathi 2015; Moon et al. 2011). The aspect ratio of CNC plays a major role in its liquid 
crystallinity, with higher aspect ratios driving the transition to liquid crystallinity at low 
A B 
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concentrations of CNC (Orts et al. 1998). Typical applications that exploit the liquid 
crystallinity properties of CNC include optically variable films and ink pigments for security 
papers (Revol et al. 1998). 
 
 
2.12.3 Rheological 
Liquid crystallinity, ordering and gelation properties of CNC, together with frequency, 
temperature and concentration all influence its rheological properties (Liu et al. 2011). Dilute 
suspensions of CNC exhibit shear thinning behaviour, whereas at higher concentrations, the 
suspensions are lyotropic (George & Sabapathi 2015). As a result, CNC can be used as 
suspension stabilisers and thickeners in paints and coatings (Zhou et al. 2014), food products 
(Feng et al. 2015), cosmetics (Nelson et al. 2016; Ioelovich 2008), food packaging (Hubbe et 
al. 2017), drilling fluids (Li et al. 2016), hydrogels (Chau et al. 2015), medical drug delivery 
(Lewis et al. 2016), and tissue engineering and wrappings (Kamel 2007).  
 
 
2.13 Fabrication of composites using cellulose nanocrystals 
Due to their high aspect ratios and relatively high degree of crystallinity, cellulosic fibres have 
been studied in the fabrication of composite materials in order improve the strength and reduce 
the production costs of composites (Klemm et al. 2011). However, there are two major 
challenges with incorporating these fibres into composite materials: (1) their length which leads 
to entanglement and aggregation, and as a result, poor dispersion in the matrix; and (2) their 
hydrophilic nature that prevents their use as reinforcing agents in most hydrophobic 
thermoplastics (Klemm et al. 2011). The non-homogenous dispersion of the cellulosic filler 
fibres usually leads to inferior composite properties and an inefficient strengthening effect. 
Coupled with the fact that cellulose fibres are hygroscopic and with a low degradation 
temperature (~230 °C) which restricts the composites processing temperature, makes cellulosic 
fibre reinforced composites less attractive (Kalia et al. 2011). On the other hand, CNC with 
their improved dispersibility, lower moisture absorption, higher elastic moduli and significant 
changes in electrical, optical and magnetic properties compared to native cellulose fibres, have 
led to a growing interest in their use as the reinforcing component in composite materials (Li 
& Ragauskas 2011; Klemm et al. 2011; Tian et al. 2014). 
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Table 2.10 lists some of natural and synthetic polymer matrices that have been used for 
nanocomposite manufacture using CNC as filler material. Due to the hydrophilic nature of 
CNC, it is more compatible with water soluble matrices such as PVA. Polyvinyl alcohol is 
widely used as a matrix for the preparation of nanocomposites due to its ease of processing, its 
high optical clarity, and biocompatibility (Lee et al. 2009). Modification of CNC is necessary 
to improve compatibility and dispersibility when hydrophobic, organic matrices are used. The 
downside to this is that the process of modification may alter the mechanical properties of the 
composite (Klemm et al. 2011). 
 
 
Table 2-10: Polymeric matrices incorporating the use of CNC for manufacture of nano bio-composites 
(adapted from Brinchi et al. 2013). 
Natural or natural-like bio-polymers Synthetic polymers 
poly lactic acid (PLA) poly ethylene-co-vinyl acetate (EVA) 
poly caprolactone (PCL) poly dimethyldiallylammonium chloride (PDDA) 
poly hydroxyoctanoate (PHO) poly allylmethylamine hydrochloride (PAH) 
poly hydroxyalkanoate (PHA) poly methylmethacrylate (PMMA) 
poly glycolic acid Polysulfone 
regenerated cellulose poly acrylic acid (PAA) 
cellulose poly styrene-co-butyl acrylate 
starch based polymers poly oxyethylene (PEO) 
xylan polypropylene (PP) 
soy protein polyvinyl chloride (PVC) 
chitosan polyvinylalcohol (PVA) 
 polystyrene 
 polyurethane (PU) 
 polycaprolactone (PCL) 
 
 
Although synthetic polymers such as polyethylene and polypropylene are extensively used in 
the packaging industry, they are high cost materials that are not biodegradable (Khan et al. 
2013). Increasing attention is therefore being paid to the development of bio-degradable 
composites such as poly caprolactone (PCL), poly lactic acid (PLA), poly glycolic acid (PGA) 
and other bio-based polymers such as cellulose, chitosan and alginate (Khan et al. 2013). Whilst 
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environmentally friendly, the downside to the use of these biopolymers are their inferior 
thermo-mechanical and barrier properties (Khan et al. 2013). 
Typically, films contain up to 10% CNC content (Klemm et al. 2011). The polymer matrix is 
usually mixed with CNC in aqueous media by stirring at room temperature. The films are 
usually cast from these mixtures by film casting, whereby the solvent is evaporated by heating 
or by using classical processes such as hot pressing and extrusion (which is usually preceded 
by solvent casting or freeze drying). 
 
As indicated earlier, the mechanical properties of the composites are largely attributed to the 
individual components that make up the composite material and to the interfacial adhesion of 
these components (Nakagaito & Yano 2004). In addition, the manufacturing technique that is 
employed in the fabrication of the composite is crucial and has a marked effect on the 
performance of the composite material (Klemm et al. 2011). In general, there are five 
processing techniques for fabricating CNC reinforced bio-composite materials. 
 
 
2.13.1 Solution casting 
In this technique, also known as ‘casting evaporation’, the composite solution is cast on a 
suitable surface or designed mould, followed by evaporation, freeze drying (with/without 
compression moulding), extrusion and then compression moulding of the sample. The CNC 
suspended in water or organic matrices are mixed with polymer solutions in different 
compositional ratios (Kumar & Negi 2015). Due to the hydrophilic nature of CNC, the water 
soluble matrix is the simplest form for incorporating CNC as a filler material (Peng et al. 2011). 
 
 
2.13.2 Melt compounding 
In melt compounding, the functionalised CNC is incorporated into thermoplastic polymers by 
thermo-mechanical mixing. Thereafter the molten mixture is extruded and compression 
moulded into specific shapes and sizes (Peng et al. 2011; Kumar & Negi 2015). Care is taken 
to carefully control process parameters because of possible degradation of CNC due to the 
temperature and shearing stresses.  
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2.13.3 Partial dissolution 
This process entails producing composites in which both the filler and the matrix are cellulosic-
derived materials (Habibi et al. 2010). The resulting products are referred to as self-reinforced 
or all-cellulose composites (Gindl and Keckes 2005). 
 
 
2.13.4 Electrospinning 
Electrospinning is a process where a polymer melt or solution is forced through a syringe and 
then coagulates in a solution or dries in the atmosphere upon exit. Usually a high (1-30 kV) 
AC/DC voltage (mainly DC) is applied between the syringe orifice (needle) and collecting plate 
to create an electrically charged jet of polymer melt or solution that exits the syringe. Upon 
exiting the syringe orifice, the jet evaporates or solidifies resulting in an interconnected, 
randomly orientated, non-woven web of fibres that collects on the collector plate (Li & Xia 
2004). By controlling the electrostatic charge, fibres ranging in size from micrometres to 
nanometres can be produced (Kumar & Negi 2015). A schematic of the experimental setup of 
the electrospinning process is shown in Figure 2-23. The Taylor cone in Figure 2-23 refers to 
the conical shape of the drop of polymer melt or solution at the end of the needle that is brought 
about by the electrostatic repulsive surface charge forces of the drop and the Coulombic forces 
exerted on the drop by the external electric field. When the external force overcomes the surface 
tension forces of the drop, the liquid jet from the needle is forced out and undergoes a stretching 
and whipping process which leads to the formation of a long and thin thread (Li & Xia 2004).   
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Figure 2-23: Schematic of the experimental setup of electrospinning process (Li & Xia 2004). 
 
 
2.13.5 Layer-by-layer assembly  
Using this technique, two components that potentially have strong interactions between them 
are alternately deposited layer-by-layer (LBL) by solution dipping or spin coating (Peng et al. 
2011). The technique represents a simple procedure for fabricating multi-layered films that 
incorporate CNC. The LBL technique has been used to fabricate bio-based nanocomposites 
using CNC and chitosan. In their study, de Mesquita et al. (2010) used CNC derived from the 
sulphuric acid hydrolysis of Eucalyptus wood pulp to prepare the CNC-chitosan multi-layered 
film. They attributed the growth of the film to the hydrogen bonds and electrostatic interactions 
between the negatively charged sulphate groups on the surface of the CNC and the positively 
charged ammonium groups of chitosan. 
 
 
2.14 Summary  
Cellulose is the main constituent of wood and CNC is produced from cellulose. Cellulose 
nanocrystals are nanoparticles (<100 nm in any dimension) that have impressive rheological, 
optical and mechanical properties. As a result, that have found application in several areas such 
as the automotive, construction, paper, medical, food, environmental and industrial sectors. 
Typically, but not exclusively, CNC is produced from high purity cellulose products such as 
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wood derived bleached chemical pulps and MCC. In order to extract cellulose from wood, wood 
chips are subjected to chemical pulping and bleaching processes that require high temperature 
and long reaction times. Once isolated, the resulting cellulose is then subjected to one of several 
available treatments using acids, enzymes or solvents. Acid hydrolysis is, however, the 
preferred option. During hydrolysis, the amorphous regions of cellulose are degraded, whilst 
the crystalline regions, which are resistant to acid, remain intact and are liberated in the 
suspension as nano-sized cellulose crystals. No processes have been found that are capable of 
producing CNC directly from wood, without the need for pulping and bleaching processes that 
are required to first isolate cellulose.   
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CHAPTER 3  
A PRELIMINARY INVESTIGATION INTO THE PRODUCTION OF 
CELLULOSE NANOCRYSTALS (CNC) FROM WOOD SAWDUST USING 
AMMONIUM PERSULPHATE OXIDATION 
Abstract  
Cellulose nanocrystals (CNC) are typically produced from wood derived high purity cellulose 
products such as bleached chemical pulps and microcrystalline cellulose. Conventional unit 
operations such as pulping and bleaching are usually used to isolate pure cellulose from wood, 
after-which the resultant cellulose is subjected to further treatment such as acid hydrolysis to 
remove the amorphous fraction to produce CNC. In this study, ammonium persulphate (APS) 
oxidation was investigated to produce CNC directly from wood sawdust, a waste material 
generated primarily, but not exclusively, by sawmills. The fundamental difference between this 
approach and others is that the APS was applied directly to the wood biomass without the need 
for conventional delignification processes such as pulping and bleaching. It was ascertained 
that optimum APS oxidation conditions (3 M, 60°C, 24 h) produced CNC measuring 419 nm 
in length and 19 nm in width. Pre-hydrolysis of the sawdust prior to CNC production led to 
significantly smaller (127 nm long and 4.0 nm wide) and more uniform CNC compared to un-
hydrolysed sawdust. Kraft pulping of the pre-hydrolysed sawdust (i.e. pre-hydrolysis kraft 
pulp) and subsequent APS treatment of this pulp required milder APS conditions (1 M, 60°C, 
24 h) to produce CNC measuring 210 nm long and 5.2 nm wide.   
 
Keywords: sawdust, cellulose nanocrystals, ammonium persulphate oxidation, acid hydrolysis 
 
 
3.1 Introduction 
Cellulose is the most abundant renewable polymer material that is available on earth. Its annual 
production is estimated to be in excess of 75 billion tonnes (Habibi et al. 2010), thereby making 
it an almost inexhaustible supply of renewable raw material (Ioelovich 2008). Cellulose 
nanocrystals (CNC) are produced from cellulose. They are rigid, monocrystalline structures that 
are typically 50-600 nm long and 2-20 nm wide (Majoinen et al. 2012; Nge et al. 2013; Li & 
Ragauskas 2011; Chauhan & Chakrabarti 2012). They have large aspect ratios of 20-60 
(Chauhan & Chakrabarti 2012), are almost 100% pure cellulose with a high degree of 
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crystallinity ranging between 54-88% (Kumar et al. 2014), and contain between 68-94% 
cellulose 1β crystal structures (Moon et al. 2011). Typically, CNC differs from the bulk 
cellulose material from which it was prepared. This is mainly due to differences in its tensile 
strength and modulus, and its surface charge, area, and energy. There are also other differences 
related to its optical properties, crystalline structure and by virtue of its nano-size. As as a result, 
they offer promising opportunities for application in several areas such as the construction, 
automotive, medical and environmental sectors (Siqueira et al. 2010; Peng et al. 2011; Shatkin 
et al. 2014; Jonoobi et al. 2015; George & Sabapathi 2015).  
Most lignocellulosic materials can be considered as potential feed-stocks for the production of 
CNC (Leung et al. 2011; Voskoboinikov et al. 2011). In this regard, hemp (Leung et al. 2011), 
jute (Abraham et al. 2011), wheat straw (Alemdar & Sain 2008; Rahimi & Behrooz 2011), 
bamboo (Liu & Xie 2012), flax (Leung et al. 2011), banana leaves (Abraham et al. 2011), sisal 
(Morán et al. 2008), pineapple leaves (Abraham et al. 2011), ramie (Zoppe et al. 2009), sugar 
cane bagasse (Mandal & Chakrabarty 2011), bacterial cellulose (George et al. 2011; Leung et 
al. 2011) and tunicate cellulose (Ruiz et al. 2000; Goussé et al. 2002) have been extensively 
studied and utilised as cellulose sources. Wood in particular is considered as an attractive 
starting material for production of CNC due to its great abundance and availability and its high 
cellulose content (Brinchi et al. 2013; Landry et al. 2011). However, due to its heterogeneity 
and low crystallinity, direct utilization of wood for the production of CNC is deemed not 
feasible. Efficient fractionation of its chemical components and subsequent isolation of 
cellulose is considered as a pre-requisite (Abraham et al. 2011; Leung et al. 2011; Lee et al. 
2014). As a result, processing of wood for the production of CNC usually requires a multi-stage 
process consisting of individual chemical and mechanical pre-treatment stages that work in 
concert to isolate the cellulosic nano-fibres (Kalia et al. 2011).  
In Figure 2.7 shown earlier, a general schematic of the main unit operations used for the 
production of CNC was shown when using wood and other plant materials as the starting raw 
materials. The first stage of the process is referred to as the pre-treatment stage and, in the case 
of wood, consists of several individual unit operations such as pulping and bleaching that work 
in concert to partially or totally remove the lignin, hemicelluloses and other minor components 
such as extractives and inorganic contaminants to produce pure cellulose (Leung et al. 2011; 
George et al. 2011). A number of studies have utilized wood based products such as softwood 
kraft pulps (Li et al. 2011), softwood sulphite pulps (Beck-Candanedo et al. 2005), hardwood 
kraft pulps (Beck-Candanedo et al. 2005; Kaushik et al. 2014), microcrystalline cellulose, MCC 
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(Bondeson et al. 2006; Gindl & Keckes 2005; Oksman et al. 2006; Leung et al. 2011), Lyocell 
(Cheng et al. 2014) and even recycled fibre pulps (Filson & Dawson-Andoh 2009) as the 
starting raw material for the production of CNC. Often, in these instances, the pre-treatment 
unit operations such as pulping and bleaching are not mentioned as part of the process to 
produce CNC from wood. Nevertheless, once cellulose is isolated, the pre-treatment stage is 
then routinely followed by  controlled process treatments such as hydrolysis using acids (Dong 
et al. 1998; Beck-Candanedo et al. 2005; Bondeson et al. 2006; Peng et al. 2011) and enzymes  
(George et al. 2011; Satyamurthy & Vigneshwaran 2013), or chemical oxidation (Leung et al. 
2011; Cheng et al. 2014) that is applied to the isolated cellulose to degrade the amorphous 
regions, resulting in a suspension of CNC (Brinchi et al. 2013). In addition, some of these post 
pre-treatment processes are often coupled with other unit operations such as ultra-sonication 
(Guo et al. 2016), centrifugation (Bai et al. 2009), ultra-filtration (Abitbol et al. 2013) and 
dialysis (Jackson et al. 2011) that aids in dispersing, washing, dewatering and controlling the 
pH of the CNC suspension. Overall, it can be seen that the process to produce CNC directly 
from wood is a long, tedious and complicated procedure consisting of several energy and water 
intensive steps.  
 
The objective of this study was to investigate the feasibility of producing CNC from a waste 
material such as wood sawdust, instead of using high purity cellulose products such as chemical 
pulps and MCC as the starting material. The high cost of the starting raw material is often cited 
as one of the obstacles to the industrial production of CNC. The South African forest products 
industry produces significant amounts of sawdust material that are in excess of current demands 
and hence pose a challenge for disposal (Chapter 6). To this end, the study was initiated within 
the context of the integrated forest biorefinery (IFBR) to develop new products from wood 
biomass, in addition to the traditional products already produced from wood (Van Heiningen 
2006; Chambost et al. 2008; Carvalheiro et al. 2008; Al-Dajani & Tschirner 2008; Helmerius 
et al. 2010; Jin et al. 2010). It was envisaged that beneficiation of the sawdust waste will also 
divert its disposal by landfilling or stockpiling, and in so doing, improve the economics of the 
saw-milling industry and reduce its environmental footprint.  
At the same time, the intention was to simplify the conventional production process that was 
shown in Figure 2-7 earlier by attempting to reduce the number of unit operations required for 
converting sawdust to CNC. For this purpose, the use of ammonium persulphate (APS) was 
investigated for producing CNC directly from sawdust. Ammonium persulphate is a strong 
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oxidising chemical that when heated under acidic conditions produce free radicals and hydrogen 
peroxide. The resulting free radicals and hydrogen peroxide are able to penetrate and 
breakdown the amorphous regions of cellulose, whilst at the same time oxidising and 
decolourising lignin (Leung et al. 2011). Previous studies have successfully applied APS 
oxidation to produce CNC from a number of plant materials such as flax, hemp and triticale, in 
addition to other cellulosic materials such as MCC, filter paper, pulp, bacterial cellulose and 
Lyocell (Leung et al. 2011; Cheng et al. 2014). These studies have however conceded that the 
APS treatment was limited to lignocellulosic materials that contained less than 20% lignin and 
could not be applied to wood (Leung et al. 2011). In the case of wood, the lignin concentration 
can in some instances be as high as 30%, and is the main reason for its recalcitrant nature (Lee 
et al. 2014). The present study focused on optimising the APS conditions for producing CNC 
directly from wood sawdust. In addition, pre-hydrolysis of the sawdust prior to APS oxidation 
was also investigated in order to reduce the lignin content of the sawdust. An attractive feature 
of the pre-hydrolysis kraft (PHK) process is the availability of the hemicelluloses rich pre-
hydrolysate stream for further beneficiation to produce other valuable products such as 
chemicals and biofuels (Suckling et al. 2001; Périn-Levasseur et al. 2010). In this instance, a 
typical scenario will entail pre-hydrolysing the sawdust to remove the hemicelluloses and then 
subjecting the residual sawdust to APS oxidation to produce CNC.  
 
 
3.2 Materials and Methods 
3.2.1 Sampling and sample preparation 
Sawdust was produced in the laboratory from hardwood Eucalyptus grandis trees (11 years old) 
sampled from a single compartment from a private company plantation in South Africa. One-
and-a-half metre bottom billets were taken from each of five trees. The billets were debarked 
and chipped into approximately 25 mm lengths using a 38” diameter, horizontal feed disc 
chipper (Precision Husky Corporation, USA). The chips from each billet were mixed and then 
screened to remove knots, rot, dirt and any residual bark material. After screening, the chips 
were air dried to approximately 10-15% moisture content (equilibrium moisture with the 
atmosphere). Sawdust was generated from a representative sample of the chips by passing the 
chips first through a hammer mill and then a Wiley mill. The sawdust was collected in a plastic 
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bag and air dried for a few more days before sealing and storing at room temperature until 
required.  
Subsequently, the particle size distribution of the sawdust sample was measured using a SALD-
3101 laser diffraction particle size analyser (Shimadzu, Japan), whilst the moisture content was 
measured when required using a Kett FD610 infrared moisture balance (Kett, USA). The 
carbohydrate content (glucose, xylose, galactose, mannose and arabinose) was determined by 
first acid hydrolysing the sawdust according to the TAPPI standard method T249 cm-85, 
followed by analysis of the hydrolysate using high performance anion exchange 
chromatography (HPAEC) coupled with pulsed amperometric detection (Wright & Wallis, 
1996; Wallis et al. 1996). Lignin was determined by quantitatively filtering the aforementioned 
hydrolysed sample used in the determination of the carbohydrates, under vacuum through a 
0.45 µm membrane filter. The insoluble material remaining on the membrane filter was defined 
as the Klason lignin, whilst the soluble lignin fraction was determined by analysis of the 
hydrolysate by UV/VIS spectroscopy (Varian Cary® 50, USA) at 205 nm. Finally, ash content 
of the sawdust was measured according to the TAPPI standard method T413 om-93. These 
preliminary characteristics of the sawdust are summarised upfront in Table 3-1. 
 
 
Table 3-1: Sawdust characterisation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Particle size (µm) % 
<180 5.09 
180-250 5.34 
250-300 4.00 
300-355 3.84 
355-500 16.5 
500-850 44.4 
>850 21.4 
Chemical composition % 
Klason lignin 29.9 
Acid soluble lignin 5.12 
Hydrophilic extractives 2.39 
Lipophilic extractives (2:1 toluene:ethanol) 0.35 
Hemicelluloses  
  glucose 46.7 
  xylose 9.17 
  galactose 0.75 
  mannose 0.34 
  rhamnose 0.21 
  arabinose 0.12 
Ash content 0.20 
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3.2.2 Pre-hydrolysis of sawdust 
The pre-hydrolysis of sawdust was carried out in an electrically heated rotating digester 
(Regmed, Brazil) using water. The digester consisted of a 25 L stainless steel main boiler vessel 
that housed four intermediate 1.5 L boiler vessels which were independent of the main boiler 
vessel and from each other. Each intermediate boiler vessel had its own pressure gauge and 
degassing valve and could be accessed individually at any time. The conditions employed for 
the pre-hydrolysis was a temperature of 170°C, ramp time of 60 min, and the time at 170°C 
was varied between 15-60 min. After pre-treatment, the sawdust material was removed from 
the reactor and filtered and washed under vacuum on a Büchner flask with deionised water. 
 
 
3.2.3 Kraft pulping of sawdust 
Kraft pulping of sawdust was carried out in the same digesters that were used for the pre-
hydrolysis stage. One hundred-and-fifty grams oven dried (OD) equivalent sawdust samples 
were pulped at 170°C for 20, 40 50, and 60 min. This was equivalent to H-factors of 424, 730, 
884, and 1037, respectively. The ramp time was 90 min. The sulphidity of the cooking liquor 
was kept constant at 27%, whilst the active alkali charge (%AA as Na2O) was varied at 3 levels 
(14, 16, and 18%).  During pulping, the moisture content of the sawdust was taken into account 
in order to maintain a constant liquor-to-wood (L:W) ratio, which was varied at 2 levels (4.5:1 
and 7.5:1). After pulping, the cooked sawdust pulp was disintegrated for 5 min using a standard 
laboratory pulp disintegrator (Universal Engineering Corporation, India) before washing under 
vacuum on a Büchner flask and funnel using tap water. The pulp was then screened on a 0.15 
mm slotted screen to separate uncooked sawdust material from the pulp. The yield was 
expressed as a percentage of the OD mass of pulp over the original OD mass of sawdust used.  
 
 
3.2.4 Preparation of cellulose nanocrystals 
Approximately 2 g of the starting material (sawdust, pre-hydrolysed sawdust or sawdust pulp) 
was weighed and added to 200 ml of APS solution of varying concentrations contained in a 
clean 500 ml beaker. The sawdust-APS mixture was disintegrated for 1 min using a handheld 
blender in order to promote rapid wetting of the sawdust particles, before being transferred to 
a 250 ml round bottom flask.  The flask was placed in a thermostatted oil bath and the mixture 
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was allowed to react at various temperatures and reaction times (Leung et al. 2011). The mixture 
was rapidly stirred for the duration of the reaction using an overhead stirrer set at 300 rpm. 
Upon completion of the reaction time, the round bottom flask was removed from the oil bath 
and allowed to cool before transferring the suspension to several centrifuge tubes. 
Centrifugation was carried out at 9000 rpm for 15 min using a Universal 320R centrifuge 
(Hettich, Germany). The resulting supernatant from each centrifuge tube was then decanted and 
discarded. The pellets remaining at the bottom of the centrifuge tubes were then combined and 
transferred to a 250 ml plastic beaker using deionised water. The volume in the plastic beaker 
was adjusted to 200 ml and the solution was stirred for 5 min using a magnetic stirrer (to 
simulate washing). The plastic beaker was immersed in an ice bath and ultra-sonicated for 10 
min at 100% amplitude and cycle of 1 using an Omni Sonic Ruptor 400 (Omni, USA). A 5 min 
break was taken half way through the ultra-sonication process to allow the suspension to cool. 
The centrifugation/washing/ultra-sonication cycle was repeated 4 times, with measurement of 
the pH after each ultra-sonication treatment. The suspension was then transferred to 21 mm 
diameter, 12 000 Da MWCO dialysis sacks (Sigma-Aldrich, USA) and suspended in deionised 
water contained in a 2 L Erlenmeyer flask. The deionised water in the flask was replaced with 
fresh deionised water 3 times over an eight-hour period and left standing overnight. Dialysis 
was stopped once the pH of the deionised water in the Erlenmeyer flask stabilised around 6. 
The dialysis treatment took about 5 days to complete. In some instances, the suspension was 
filtered through an ultrafiltration membrane (30 000 Da MWCO) using an Amicon 8400 stirred 
cell (Merck, USA) until the pH of the suspension reached a constant value. 
 
 
3.2.5 Characterisation of cellulose nanocrystals 
The morphology of the CNC was observed using a JEOL 1010 transmission electron 
microscope, TEM (JEOL, USA). Dilute suspensions of CNC were placed on formvar-coated 
grids and stained with a 2% uranyl acetate solution for 10 min. Image capture was performed 
at 100 kV at varying magnifications (20 000-200 000x). Where required, light microscopy 
images were captured using a Nikon Eclipse i80 compound light microscope (Nikon, USA). 
Approximately 100 µl of a dilute suspension was placed on a clean glass microscope slide and 
viewed at different magnifications using Soft Imaging Software (SIS).  
The surface morphology of the sawdust particles after various stages of APS treatment was 
captured using a field emission gun scanning electron microscope (FEG-SEM) (Carl Zeiss, 
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Germany) at 5 kV. The sawdust particles were attached to a metal stub using carbon tape and 
then coated with a thin layer of gold using a Q150RES sputter coater (Quorum, United 
Kingdom) prior to imaging. 
 
 
3.3 Results and Discussion 
 
3.3.1 APS treatment of sawdust 
The heterogeneity and crystallinity of most types of lignocellulosic materials are such that it is 
often not feasible to produce CNC directly from the biomass (Abraham et al. 2011). 
Consequently, separation and isolation of cellulose are important and necessary, albeit 
complex, pre-treatment steps in the process. In the case of wood, isolation of cellulose is usually 
achieved through chemical pulping and bleaching. However, Leung et al. (2011) proposed a 
one-step procedure using APS to produce CNC directly from various vegetative and wood 
derived materials without the need for pre-treatment to isolate the cellulose (i.e. no conventional 
delignification processes such as pulping and bleaching and the subsequent acid hydrolysis 
steps). They used ammonium persulphate (1 M) heated at 60°C to treat various biomass 
materials such as flax, hemp, triticale, MCC, wood pulp, Whatman filter paper and bacterial 
cellulose, resulting in suspensions of CNC. The suspensions were then lyophilised after 
centrifugation and washing.  
Whilst successful for plant based materials and wood derived pulps, the authors conceded that 
the method could not be applied directly to wood due to the relatively high lignin content of 
wood that lends to its recalcitrant structure (Leung et al. 2011). According to these researchers, 
the APS treatment to produce CNC was only applicable to lignocellulosic biomass containing 
less than 20% lignin. In order to verify this, as a first step, the sawdust in the current study was 
subjected directly to APS treatment. When the sawdust was reacted with 1 M APS solution, the 
findings in this study concurred with earlier findings by Leung et al. (2011), in that no CNC 
were formed at this temperature and APS concentration. The sawdust particles remained intact 
even after 88 h reaction time, with only a slight discolouration (lightening) of the sawdust 
particles being evident. The slight discolouration may be indicative of some delignification 
possibly occurring on the surface of the sawdust particles. Further increases in temperature 
and/or reaction times using 1 M APS solution yielded similar results. It was clear that, at this 
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concentration of APS, there was insufficient formation of sulphate and hydroxyl free radicals 
and hydrogen peroxide being formed to effectively penetrate the recalcitrant structure of wood 
and to degrade the amorphous cellulose and lignin. This was the case even at temperatures as 
high as 80°C.  
When the concentration of APS was increased to 2 M at 60°C for 24 h reaction time, an increase 
in delignification of the sawdust particles was observed compared to when the 1 M APS 
solution was used. This was inferred from the more pronounced discolourisation of the sawdust 
particles that was visually observed. However at this stage, delignification was still limited to 
the surface of the sawdust particles, as the particles still remained intact, and there was no 
evidence of defiberisation of the sawdust particles taking place. A further increase in the 
reaction time and temperature using the 2 M APS solution resulted in delignification becoming 
progressively more evident, and the onset of defiberisation became apparent after 24 h reaction 
time at 70°C. At this stage in the reaction, the sawdust particles exhibited a yellow tinge, still 
indicating the presence of lignin, and some sawdust particles remained intact. At 80°C, 
delignification was complete after 72 h – a white suspension was formed and there was no sign 
of intact sawdust particles. After further processing of the suspension by centrifugation, ultra-
sonication and dialysis, analysis by TEM and OM revealed fibres with widely varying 
dimensions. Although formation of CNC was evident, the diminution of the sawdust fibres to 
CNC was not complete. These observations are summarised in Table 3-2. 
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Table 3-2: Ammonium persulphate (APS) oxidation of sawdust. 
APS conc.  
(M) 
Temp 
(°C) 
Time  
(h) Observations 
1 60 24 
Sawdust particles remained intact and slight  
decolourisation was evident on the surface of 
the particles 
1 60 72 
1 60 88 
1 70 24 
1 70 72 
1 80 24 
1 80 72 
2 60 24 
Sawdust particles remained intact but 
delignification was more pronounced on the 
surface of the particles compared to when 1 M 
APS was used 
2 60 72 
Delignification became increasingly evident 
observed by the decolourisation of the 
sawdust particles and slight onset of 
defiberisation of sawdust particles 
2 70 24 
Delignification became increasingly evident 
observed by the decolourisation of the 
sawdust particles and more pronounced 
defiberisation of sawdust particles. 
2 80 24 
Delignification became increasingly evident 
observed by the now significant 
decolourisation of the sawdust particles and 
more pronounced defiberisation of particles. 
Onset of formation of a suspension was 
apparent. Some intact sawdust particles were 
still present. 
2 80 48 
Delignification became increasingly evident 
observed by the now significant 
decolourisation of the sawdust particles and 
more pronounced defiberisation of particles. 
Formation of a suspension was more 
pronounced. Minimal intact sawdust particles 
were evident. Onset of CNC formation was 
observed as revealed by TEM and OM 
analysis 
2 80 72 
Delignification complete. White suspension 
formed with no presence of sawdust particles. 
Wide distribution of fibres in terms of their 
dimensions was observed as revealed by 
TEM and OM analysis. CNC formation was 
evident. 
 
 
3.3.2 Mechanism of CNC formation using APS 
Images obtained using FEG-SEM provided some insight into the mechanism of CNC formation 
using 2 M APS at 70°C (Figure 3-1). The first step in the mechanism usually involves the 
formation of hydrogen peroxide and highly reactive sulphate and hydroxyl radicals when the 
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APS solution is heated. At optimum concentrations and reaction temperatures, these radical 
anions, together with hydrogen peroxide, penetrate the biomass material, reacting, solubilising 
and decolourising lignin, whilst at the same time, attacking and breaking down the amorphous 
regions of cellulose (Leung et al. 2011). Figure 3-1A shows the smooth surface of the original 
unreacted sawdust particles. After 24 h reaction time (Figure 3-1B), fissures and cracks became 
evident on its surface. These fissures became more pronounced and predominant after 48 h 
(Figure 3-1C). In addition, the surface of the particles took on a rough, rutted appearance which 
was in sharp contrast to the smooth surface of the unreacted sawdust particles shown in Figure 
3-1A. This may have been an indication of the onset of delignification. Figure 3-1D shows the 
onset of delamination of the cell wall, but the fibre walls still remained intact. Beyond 72 h 
reaction time, the individual fibres became evident (Figures 3.1E & F) after dissolution of the 
lignin that held them together.   
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Figure 3-1: Field Emission Gun Scanning Electron Microscopy (FEG-SEM) images showing the oxidation reaction on the surface of sawdust particles using 2 
M APS carried out at 70°C – unreacted sawdust particles (A), 24 h (B), 48 h (C & D), 72 h (E & F).
A B C 
D F E 
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When the concentration of APS solution was increased further to 3 M, a white suspension (with 
no trace of lignin) was obtained after 24 h (Figures 3-2A to E). In fact, by carefully monitoring 
the reaction, it was observed that at this concentration of APS solution, total delignification of 
the sawdust material became apparent after about 6 h. In addition, increasing the temperature 
from 60 to 90°C at this APS concentration progressively reduced the time to achieve complete 
delignification (Table 3-3). This meant that with delignification completed early-on in the 
reaction, the sulphate and hydroxyl free radicals were allowed to react unhindered with the 
cellulosic material during the remaining reaction period resulting in the formation of CNC 
(Figures 3-2F & G). After 24 h reaction time, no cellulosic particles were observed by optical 
microscopy and all cellulosic fibres were broken down, resulting in a stable suspension of CNC 
(Figure 3-3). This was later confirmed by TEM analysis. 
 
  
Table 3-3: Time taken for delignification of sawdust using 3 M APS solutions at varying temperatures. 
 
 
 
 
 
 
 
 
The TEM results in Table 3-4 shows that after 24 h at 60°C, the size of the cellulosic particles 
were on average 419 nm long and 19.4 nm wide. This satisfied the requirements to be defined 
as nanoparticles, in that one of its dimensions was less than 100 nm (Majoinen et al. 2012; Nge 
et al. 2013; Li & Ragauskas 2011; Chauhan & Chakrabarti 2012). Keeping the concentration 
of APS constant and increasing the reaction temperature from 60 to 90°C led to a further 
significant decrease in the dimensions of the CNC. At 90°C, the CNC measured 181 nm long 
and 5.3 nm wide. In addition to this, the uniformity of the CNC also increased with increasing 
temperature. The uniformity or polydispersity (shown in brackets in Table 3-4) was defined as 
the standard deviation of the CNC particle size measurements divided by the average CNC 
particle size, expressed as a percentage (Cheng et al. 2014). A decrease in the polydispersity 
implied a more homogeneous suspension of CNC nanoparticles. Poor uniformity of CNC is 
generally due to the random cleavage of the cellulose chain during hydrolysis, leading to CNC 
of varying dimensions (Peng et al. 2011). Uniformity of particles is an important and critical 
Temperature of 3 M APS  
(°C) 
Approximate time taken for 
complete delignification  
60 6 h-15 min 
70 6 h-0 min 
80 5 h-45 min 
90 5 h-30 min 
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property of CNC for applications such as nano-fillers or for drug delivery systems (Leung et 
al. 2011; Cheng et al. 2014). The increased uniformity of CNC may be due to the formation of 
higher concentrations of free radicals at higher reaction temperatures and APS concentrations, 
leading to a more complete removal of amorphous cellulose (Cheng et al. 2014).  
 
 
 
Figure 3-2: General reaction overview showing the transition of sawdust into CNC using 3 M 
ammonium persulphate at 60°C  (A-G), followed by TEM measurement (H) (scale bar in image H = 200 
nm). 
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Figure 3-3: Suspensions of CNC produced from wood sawdust using a single step ammonium 
persulphate oxidation process (3 M-60⁰C-24 h). 
 
 
Table 3-4: Transmission electron microscopy (TEM) measurement of CNC produced from oxidation of 
wood sawdust using ammonium persulphate at different temperatures. The values shown in brackets 
indicate the polydispersity. One-way analysis of variance (ANOVA) and Fisher’s Least Significant 
Difference (LSD) tests were carried out to test for significant differences amongst the mean values. 
Common letters within each column indicate no significant difference amongst the means at a 95% 
confidence level (p < 0.05). 
Conc. (M) Temp (°C) Time (h) 
TEM measurement 
length (nm) width (nm) 
3 60 24 419 (26.7) (A) 19.4 (22.1) (A) 
3 70 24 318 (21.0) (B) 6.0 (21.6) (B) 
3 80 24 225 (19.1) (C) 5.5 (21.2) (B) 
3 90 24 181 (18.0) (D) 5.3 (18.5) (BC) 
 
 
3.3.3 APS treatment of pre-hydrolysed sawdust 
The recalcitrant structure of lignocellulosic biomass can prove to be a major hindrance to the 
separation of its chemical components lignin, cellulose and hemicelluloses, especially in the 
case of wood. Therefore, the main objective of the pre-hydrolysis process is to overcome the 
biomass resistance to fractionation and is targeted at altering the biomass size and structure. In 
the case of CNC production, this includes isolating cellulose from the matrix polymers, thereby 
increasing its accessibility for hydrolysis, or in the case of APS, oxidation (Lee et al. 2014). In 
order to reduce the resistance of the sawdust wood particles to the APS oxidation, pre-
hydrolysis of the sawdust using water was carried out prior to oxidation. This was done in the 
context of a related study that was being undertaken by our Research Group at the time to 
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investigate the beneficiation of hemicelluloses pre-extracted from sawdust to produce other 
valuable products such as xylitol and pine oil (in the case of softwoods). Based on an integrated 
biorefinery approach for optimal biomass utilisation, it was anticipated that the remaining pre-
hydrolysed sawdust could then be available for the production of CNC.  
Figure 3-4 and Table 3-5 compares the dimensions of CNC produced from pre-hydrolysed 
sawdust to CNC produced from sawdust that did not undergo the pre-hydrolysis treatment. It 
can be seen that pre-hydrolysis led to significantly smaller and more uniform CNC particles 
compared to untreated sawdust. This may be due to the removal of the hemicelluloses, small 
amounts of lignin and other hydrophilic substances from the wood during the pre-hydrolysis 
stage. This was indeed confirmed in subsequent studies (shown in Chapter 6) were it was found 
that up to 15% and 80% of the original lignin and xyloses, respectively, were removed during 
pre-hydrolysis carried out for 60 min at 170°C. Pre-hydrolysis of wood has been shown to 
increase the rate of delignification, particularly during kraft pulping that normally follows it 
(Olm et al. 1996; Kautto et al. 2010; Duarte et al. 2011; Ban et al. 2004; Andrew et al. 2014), 
and this may have been the case during APS oxidation. According to some researchers, the 
enhanced lignin removal rate during kraft pulping may be attributed to the formation of thio-
lignin during pre-hydrolysis which is more soluble than native lignin (Olm et al. 1996; Ban et 
al. 2004). Others believe that the pre-extraction of the hemicelluloses disrupt the cell wall of 
wood, subsequently resulting in easier removal of lignin during kraft pulping (Cheng et al. 
2010). Along similar lines, the removal of the aforementioned compounds may  have led to 
similar effects of enhance lignin removal during APS oxidation. Complete delignification of 
the pre-hydrolysed sawdust was observed around 5 h-30 min. This was similar to the time taken 
for delignification to be completed when reacting un-hydrolysed sawdust with APS at 80-90°C 
(see Table 3-3). Here again, the faster delignification rate of the pre-hydrolysed sawdust may 
have allowed an extended, unhindered reaction period between APS and the residual cellulosic 
material brought about by the early removal of lignin. Indeed, this was evident by the fact that 
the dimensions of CNC produced from the 15 min pre-hydrolysed sawdust particles were 
similar in width to those produced from the un-hydrolysed sawdust during APS oxidation at 
90°C. This implied that the pre-hydrolysis step may allow the reaction temperature during APS 
oxidation to be reduced from 90°C to around 60°C for the pre-hydrolysed sawdust to produce 
CNC of similar dimensions as that produced at the higher temperature during APS oxidation 
of the un-hydrolysed sawdust.  
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A further comparison of the CNC produced from the pre-hydrolysed sawdust revealed that as 
the pre-hydrolysis time was increased from 15 min to 60 min, there was a gradual decrease in 
the width of the CNC particles after APS oxidation from 4.3 nm to 3.8 nm, although this was 
not statistically significant. The length of the CNC particles on the other hand, gradually 
increased from 121 nm to 132 nm, but again not statistically significantly. Compared to the 
CNC produced from the un-hydrolysed sawdust, these CNC particles were statistically 
significantly smaller in length and width. The exception was the CNC produced from the 
sawdust pre-hydrolysed for 15 min which had widths similarly to the CNC produced from un-
hydrolysed sawdust at 90°C, except for the lengths which were significantly smaller. 
 
 
 
 
Figure 3-4: CNC produced from pre-hydrolysed sawdust and un-hydrolysed sawdust. Pre-hydrolysis 
was carried out using water (4.5:1 water-to-sawdust ratio) at 170°C for 15 min (), 30 min (), 45 min 
() and 60 min () reaction times. The ramp rate to 170°C was 2.5 °C min-1. For the pre-hydrolysed 
sawdust, the APS oxidation conditions were kept constant (3 M-24 h-60°C), whereas for the un-
hydrolysed sawdust samples, APS oxidation conditions were 3 M-24 h, with the temperature varied at 
60°C (), 70°C (), 80°C () and 90°C (). Error bars denote the standard deviation. 
 
  
3.3.4 APS treatment of sawdust kraft and pre-hydrolysis kraft pulps  
As an alternative approach to reduce the lignin content, the un-hydrolysed and pre-hydrolysed 
sawdust samples were subjected to kraft pulping as a pre-treatment step prior to APS oxidation. 
The kraft pulping process is a conventional industrial process that is well understood and with 
 L (nm) W (nm) 
Un-hydrolysed sawdust – 3 M APS for 24 h at: 
60°C () 419 (A) 19.4 (A) 
70°C () 318 (B) 6.0 (B) 
80°C () 225 (C) 5.5 (B) 
90°C () 181 (D) 5.3 (BD) 
Pre-hydrolysed sawdust – at 170°C for:  
15 min () 121 (E) 4.3 (CD) 
30 min () 125 (E) 4.0 (C) 
45 min () 129 (E) 4.0 (C) 
60 min () 132 (E) 3.8 (C) 
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Table 3.5: Dimensions of CNC produced from 
APS oxidation of un-hydrolysed and pre-
hydrolysed sawdust. One-way analysis of 
variance (ANOVA) was carried out and the 
Fisher’s Least Significant Difference (LSD) test 
was used to test for significant differences 
amongst the mean values. Common letters 
within each column indicate no significant 
difference amongst the means at a 95% 
confidence level (p<0.05). 
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proven delignification efficiencies. In the context of an integrated biorefinery, kraft pulping of 
the pre-hydrolysed sawdust (i.e. the pre-hydrolysed kraft pulping process) was particularly 
attractive due to the fact that a hemicelluloses rich pre-hydrolysate stream would become 
available for further beneficiation, whilst the pre-extracted sawdust could then be used to 
produce CNC or chemical pulps. Studies have shown that the removal of the hemicelluloses 
during the pre-hydrolysis stage have little impact on CNC production, other than affecting the 
accessibility of cellulose (Lee et al. 2014). As a start, the kraft pulp was subjected to oxidation 
using 1 M APS solution at 60°C for several hours. Figure 3-5 shows its diminution in particle 
size with increasing APS reaction times. It was clear that after 4 h the pulp fibres still remained 
intact and well-defined (Figure 3-5B). As the reaction time increased, the pulp fibres were 
gradually broken down into smaller fibres and eventually became indiscernible by light 
microscopy after 24 h reaction time. Accompanying TEM images captured from 16-48 h 
(Figure 3-5F, G, H) showed the onset of CNC formation after 16 h. After 48 h reaction time, 
virtually all the pulp fibres were reduced to a nanoscale.  
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Figure 3-5: Transition of unbleached sawdust kraft pulp (A) during ammonium persulphate oxidation (1 M-60°C) as revealed by light microscopy after 4 h (B), 
16 h (C), 24 h (D) and 48 h (E) and transmission electron microscopy after 16 h (F), 24 h (G) and 48 h (H) reaction times. The scale bar for all light microscopy 
images is 200 µm and for TEM, it is 2000 nm (F), 500 nm (G) and 200 nm (H). 
48 h APS treatment 
5mm 
48 
48 h APS treatment 
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Table 3-6 summarises the dimensions of the CNC obtained for the kraft and PHK pulps after 
24 h reaction time when using different concentrations of APS. For the kraft pulp, the CNC 
dimensions showed no discernible trend with increasing APS concentration. Treating the kraft 
pulp with 1 M APS at 60ºC for 24 h produced CNC measuring 238 nm long and 8.8 nm wide. 
However, what did change significantly was the time taken to achieve complete delignification 
of the pulps. As expected, the delignification time decreased with increasing APS 
concentration. When using 1 M APS solution, the time required to completely delignify the 
pulp was 3 h and 20 min, and this decreased to 1 h and 15 min when the concentration was 
increased to 3 M. For the PHK pulps, formation of CNC also showed no discernible trend with 
increasing APS concentration. Treatment of the PHK pulps with 1 M APS solution at 60ºC for 
24 h produced smaller CNC particles (210 nm long and 5.2 nm wide) compared to the kraft 
pulps treated under similar APS conditions.   
Of particular interest was the shorter times required by the PHK pulps to achieve complete 
delignification compared to the kraft pulps. For the PHK pulps, the delignification time during 
APS oxidation was between 12-17% shorter compared to the kraft pulps. Similar findings were 
found earlier when using pre-hydrolysed sawdust to produce CNC (see Section 3.3.3), in that 
the pre-hydrolysed sawdust delignified at a faster rate using APS compared to un-hydrolysed 
sawdust. It appeared that the enhanced delignification rates brought about by pre-hydrolysis of 
the hemicelluloses were also carried through to the pulp. In separate studies carried out by 
Chirat et al. (2011) and Andrew et al. (2014) on the bleachability of pre-hydrolysed kraft pulps 
similar findings were reported in that pulps produced from pre-hydrolysed wood chips required 
significantly lower amounts of bleaching chemicals to remove the residual lignin, compared to 
pulps produced from un-hydrolysed wood chips.  
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Table 3-6: Dimensions and yield of CNC produced by APS oxidation of unbleached kraft and pre-
hydrolysis kraft (PHK) pulps. APS oxidation was carried out at 60ºC. The standard deviations of 3 
measurements per test are shown in brackets. 
APS Conc.  
(M) 
Time  
(h) 
Time to complete 
delignification 
TEM measurement 
length  
(nm) 
width  
(nm) 
Kraft Pulp 
1 24 3 h-20 min 238 (±69.8) 8.8 (±4.9) 
2 24 1 h-55 min 207 (±50.2) 6.1 (±1.4) 
3 24 1 h-15 min 220 (±62.6) 6.6 (±1.5) 
PHK Pulp 
1  24 2 h-55 min 210 (±57.8) 5.2 (±0.9) 
2 24 1 h-35 min 201 (±69.4) 7.0 (±2.9) 
3 24 1 h-05 min 219 (±20.6) 6.9 (±2.2) 
 
 
3.4 Conclusions 
Cellulose nanocrystals are typically produced from high purity wood derived cellulose products 
such as bleached chemical pulps and MCC. In this study, ammonium persulphate was used to 
produce CNC directly from wood sawdust without the need for pre-treatment stages such as 
pulping and bleaching that are conventionally used to isolate cellulose from wood. Optimum 
(mildest) APS conditions (3M, 60°C, 24 h) produced CNC measuring 419 nm long and 19 nm 
wide. Pre-hydrolysis of the sawdust to remove hemicelluloses prior to APS oxidation led to 
significantly smaller and more uniform CNC particles compared to un-hydrolysed sawdust, 
whilst APS oxidation of pre-hydrolysed kraft pulps required even milder conditions (1 M, 
60ºC, 24 h) to produce CNC. 
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CHAPTER 4  
PRODUCTION OF CELLULOSE NANOCRYSTALS FROM WOOD 
SAWDUST - A NOVEL APPROACH USING AMMONIUM PERSULPHATE 
OXIDATION COMBINED WITH ACID HYDROLYSIS 
Abstract  
Cellulose nanocrystals (CNC) are typically produced from wood-derived high purity cellulose 
products such as bleached chemical pulps and microcrystalline cellulose. Conventional unit 
operations such as pulping and bleaching are usually used to isolate pure cellulose from wood, 
which is then subjected to further treatment, such as acid hydrolysis (AH), to remove the 
amorphous cellulose to produce CNC. Previous work in this project showed that CNC can be 
produced directly from wood sawdust using ammonium persulphate (APS). Optimum APS 
oxidation conditions involved treating sawdust with 3 M APS at 60°C for 24 h. However, 
running reactions for extended periods of time are often not practical. This study presents a 
simplified and a shorter process to produce CNC directly from sawdust using a novel process 
that combines APS oxidation with AH. The novel (APS+AH) process required only 7 h 
reaction time to produce CNC directly from wood sawdust with dimensions ranging between 
122-213 nm long and 4-6 nm wide. Additionally, a four-fold increase in CNC yield was 
obtained using the (APS+AH) process compared to conventional processes used for CNC 
production. 
 
Keywords: sawdust, cellulose nanocrystals, ammonium persulphate oxidation, acid hydrolysis 
 
 
4.1 Introduction 
Cellulose nanocrystals (CNC) are typically produced from wood derived high purity cellulose 
products such as bleached chemical pulps and microcrystalline cellulose (MCC). 
Conventionally, pulping and bleaching stages are used to first isolate cellulose from the wood. 
The cellulose is then further treated to remove the amorphous fraction, leaving behind the 
crystalline CNC. The removal of the amorphous fraction of cellulose can be achieved using 
various processes involving the use of enzymes (Filson et al. 2009; George et al. 2011; 
Satyamurthy & Vigneshwaran 2013), ionic liquids (Gindl & Keckes 2005; Oksman et al. 2006; 
Tan et al. 2015; Chowdhury & Hamid 2016) and acids (Dong et al. 1998; Beck-Candanedo et 
al. 2005; Bondeson et al. 2006; Peng et al. 2011). Acid hydrolysis however, appears to be the 
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most frequently used process for the isolation of CNC from pure cellulose. Strong acids diffuse 
into the cellulose and subsequently break down the disordered/para-crystalline/amorphous 
regions of cellulose whilst the crystalline regions, which are resistant to acid, remain intact and 
are liberated in the suspension as nano-sized crystals (Habibi et al. 2010). The process is highly 
dependent on the acid species, concentration, hydrolysis temperature and time (Chauhan & 
Chakrabarti 2012). Although several different acids have been tested for hydrolysis 
(hydrochloric, nitric, sulphuric), only suspensions produced using sulphuric acid were found 
to result in stable suspensions (Li & Ragauskas 2011; Moon et al. 2011; Chauhan & 
Chakrabarti 2012). This is because charged half-ester groups are created on the surface of the 
CNC during hydrolysis through esterification of cellulose hydroxyl groups to sulphate groups 
(Favier et al. 1995; Peng et al. 2011). This results in the introduction of negative charges on 
the CNC particles leading to electrostatic repulsion between the individual nanoparticles. This 
keeps the nanoparticles well dispersed in water thereby producing a stable, colloidal dispersion 
of rod-like nanoparticles (Favier et al. 1995; Moon et al. 2011; Majoinen et al. 2012). Sulphuric 
acid hydrolysis conditions can range between 10 min at 70°C to 3 h at 45°C, at selected acid-
to-cellulose ratios and acid concentrations ranging between 60-70% (Li & Ragauskas 2011).  
Other studies have shown that strongly oxidising chemicals such as ammonium persulphate 
(APS) can also be successfully applied to wood derived cellulose products such as MCC, 
Lyocell, filter paper and chemical pulps to produce CNC (Leung et al. 2011; Cheng et al. 2014). 
Additionally, Leung et al. (2011) have shown that APS can be used to produce CNC directly 
from a number of plant materials such as flax, hemp and triticale, where often the reaction 
times exceeded 16 h. These studies however, conceded that the APS treatment was limited to 
lignocellulosic materials that contained less than 20% lignin. As a result, it could not be used 
on wood directly where typically the lignin concentrations can be as high as 30%, and is 
responsible for the recalcitrant nature of wood (Lee et al. 2014). In previous studies (Chapter 
3), the work by Leung et al. (2011) was extended where it was shown that the APS conditions 
could indeed be optimised to produce CNC directly from wood. Treating wood sawdust with 
3 M APS solution at 60°C for 24 h produced CNC measuring 419 nm long and 19 nm wide. 
However, as was the case in both studies, running processes over extended periods of time, 
may not always be a practical approach to produce CNC. In Chapter 3, it was shown that 
complete delignification of sawdust was possible after only 6 h when treating it with 3 M APS 
at 60°C. Based on these findings, this current study presents a simplified process to produce 
CNC directly from sawdust using a novel approach that combines APS oxidation with AH - 
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designated henceforth as (APS+AH). In this novel (APS+AH) process, APS oxidation was 
used directly on wood as a pre-treatment step for delignification and cellulose isolation, 
subsequently followed by AH, using sulphuric acid, that was used to degrade the amorphous 
cellulose, leaving behind the crystalline CNC.  
 
 
4.2 Materials and Methods 
4.2.1 Preparation of cellulose nanocrystals 
A detailed description of the APS oxidation stage was given previously in Chapter 3. In the 
present study, when AH was used in conjunction with APS, the APS stage was stopped after 6 
h and then centrifuged to remove the APS solution. The remaining pellets from each centrifuge 
tube was then transferred back into the 250 ml round bottom flask containing 30 ml of 64% 
sulphuric acid. The flask was placed back into the oil bath and allowed to react further at 50°C 
for 1 or 2 h. Upon completion of the reaction time, the flask was removed from the oil bath and 
the contents were added to 200 ml of deionised water to quench the reaction. The pH of the 
solution was recorded and then centrifuged for 15 min at 9000 rpm. After decanting and 
discarding the supernatant, the remaining pellets were combined into a single plastic beaker 
and 200 ml of fresh deionised water was added. Ultra-sonication/centrifugation/washing was 
carried out as described previously in Chapter 3. Commercially available microcrystalline 
cellulose (Sigma Aldrich, South Africa) was also subjected to either the (APS+AH) process or 
the conventional acid hydrolysis process (64% H2SO4, 45°C, 1 h). The resulting CNC was then 
used as a model compound for comparison to the CNC produced from sawdust using the 
(APS+AH) process.  
 
 
4.2.2 Characterisation of cellulose nanocrystals 
The morphology of CNC was observed using a JEOL 1010 transmission electron microscope 
(JEOL, USA) as described earlier in Chapter 3.  
The thermal characteristics of CNC were determined on a TGA1 thermogravimetric analyser 
(Perkin Elmer, USA). The analyses were carried out under a constant nitrogen flow of 20 ml 
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min-1. Samples weighing 5-10 mg were heated from 25 to 600°C, at a constant heating rate of 
10°C min-1.  
Structural and compositional characteristics of CNC were analysed on a Spectrum 100 Fourier 
transform infrared (FTIR) spectrophotometer (Perkin Elmer, USA). The spectra were obtained 
in attenuated total reflection (ATR) transmission mode over a spectral range of 4000-400 cm-
1
, at a resolution of 2 cm-1
.  
X-ray diffractograms were obtained using an AXS diffractometer equipped with a LynxEye 
position sensitive (PS) detector (Bruker, Germany). The monochromatic radiation source used 
was Cu Kα x-rays (λ = 1.5406 Å) operating on a focus line with a voltage of 40 kV and current 
of 40 mA. A peak fitting program using Gaussian line shapes was used for profile analysis to 
determine the crystallinity of the CNC. The crystallinity index (CrI) was calculated using the 
ratio of the intensity of the crystalline peak (I200 – Iam) to the total intensity (I200) according to 
the empirical equation proposed by Segal et al. (1959): 
	% 
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Where I002 represents the maximum intensity of the (002) lattice diffraction peak corresponding 
to the plane in the sample with the Miller indices 200 at a 2Ɵ angle of 22-24°; and Iam 
corresponding to the intensity scattered by the amorphous (non-crystalline) cellulose measured 
as the lowest intensity at a diffraction angle around 17-18°. 
 
  
4.3 Results and Discussion 
4.3.1 APS treatment of sawdust coupled with acid hydrolysis  
Running reactions over extended periods of time may not always be a practical approach to 
produce CNC. Earlier studies (Chapter 3) indicated that complete delignification of sawdust 
was achieved around 6 h when using 3 M APS solution at 60°C. This is illustrated in Figure 
4-1 and Table 4-1. Based on these findings, in this part of the study, a novel process to produce 
CNC at a shorter time involved stopping the APS reaction after 6 h, centrifuging the residual 
sawdust particles to remove excess APS solution, and then subjecting the APS oxidised 
sawdust to AH using 64% H2SO4 at 50°C for 1 or 2 h. Figure 4-2 and Table 4-2 show the 
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effect of the novel (APS+AH) process on CNC formation. Acid hydrolysis coupled with APS 
oxidation carried out using 3 M APS at 60°C for 6 h, significantly reduced the size of the CNC 
compared to when the APS process, carried out using 3 M APS at 60°C for 24 h, was used on 
its own (Chapter 3). The average dimensions recorded after 1 h AH were 213 nm long and 6.0 
nm wide. An increase in the reaction time during AH to 2 h further significantly reduced the 
dimensions of the CNC from 213 to 122 nm long and from 6.0 nm to 4.3 nm wide. This 
corresponded to a 71% reduction in length and 78% reduction in the width of the CNC. This 
was similar to other studies (e.g. Dong et al.1998), which also found that an increase in the 
reaction time during AH led to a decrease in the dimensions of the CNC. In addition, the 
(APS+AH) process led to a significant decrease in the reaction time during CNC production 
from 24 h to 7-8 h (i.e. 6 h APS + 1-2 h AH).  
The results in Figure 4-2 and Table 4-2 also show that 1 h AH applied after the conventional 
APS process (3 M, 60°C, 24 h) also significantly reduced the dimensions of the CNC to 134 
nm and 5.5 nm. That equated to a 70% decrease in the length and width of the CNC compared 
to when the conventional APS procedure was applied on its own (Chapter 3). The dimensions 
of the CNC compared well with several studies by other researchers. For example, de Mesquita 
et al. (2010) used sulphuric acid hydrolysis (64%, 45°C, 25 min and 1:9 pulp-to-acid ratio) to 
treat bleached Eucalyptus wood pulp to produce CNC averaging 145 ± 25 nm long and 6 ± 1.5 
nm wide.   
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Figure 4-1: Collage of pictures to illustrate the delignification rate of sawdust 
particles using 3 M ammonium persulphate at 60°C 
Temperature of 3 M APS  
(°C) 
Approximate time taken for 
complete delignification  
60 6 h-15 min. 
70 6 h-00 min  
80 5 h-45 min 
90 5 h-30 min 
1 h 2 h 3 h 4 h 5 h 6 h 
Table 4.1: Time taken for delignification of sawdust using 3 M APS 
solutions at varying temperatures. 
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Figure 4-2: CNC produced from sawdust treated with APS and (APS+AH) processes. Conditions used 
were 3 M APS-60°C-24 h (), 3 M APS-60°C-24 h + 64% H2SO4-50°C-1 h (), 3 M APS-60°C-6 h + 
64% H2SO4-50°C-1 h () and  3 M APS-60°C-6 h + 64% H2SO4-50°C-2 h (). Error bars denote the 
standard deviation.  
 
 
A comparison of the CNC yield obtained from sawdust using the (APS+AH) process and the 
stand-alone APS process is shown in Table 4-3. When using 3 M APS at 60°C for 24 h, a 35% 
yield was obtained. An increase in the APS oxidation temperature from 60 to 90°C significantly 
reduced the yield to 29%. This may be related to a greater removal of amorphous cellulose and 
smaller CNC particles obtained at the higher temperature (Cheng et al. 2014) (see Table 3-4 in 
Chapter 3). When the APS oxidation time was reduced to 6 h followed by 1 h AH in the 
(APS+AH) process, there was a significant improvement in the CNC yield, by as much as 5%, 
compared to when APS oxidation was used alone for 24 h. Extending the acid hydrolysis step 
to 2 h, however, reduced the yield significantly from 40% to 37%. This result was similar to 
that obtained using APS oxidation on its own for 24 h. Although acid hydrolysis of the 24 h 
APS-oxidised material significantly reduced the dimensions of CNC (as shown in Table 4-2), 
it also significantly reduced the CNC yield to around 28%. Direct comparison of the results 
obtained in this study with CNC yield obtained in other studies was not straight-forward mainly 
due to the different starting raw material and processes used to produce CNC. For example, 
Dong et al. (1998) obtained 44% CNC yield when they produced CNC from direct acid 
hydrolysis of Whatman filter paper. In other studies, Bondeson et al. (2006) obtained 30% CNC 
yield from acid hydrolysis of MCC produced from Norway spruce sulphite pulp. It should be 
 L (nm) W (nm) 
APS treatment only – 3 M at 60°C for:   
24 h                        () 419 (A) 19.4 (A) 
APS (3 M-60°C) + AH (64% H2SO4-50°C)   
24 h APS+1 h AH  () 134 (B) 5.5 (B) 
6 h APS+1 h AH    () 213 (C) 6.0 (B) 
6 h APS+2 h AH   () 122 (B) 4.3 (C) 
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Table 4.2: Dimensions of CNC produced from 
sawdust treated with APS and (APS+AH) 
processes. One-way analysis of variance 
(ANOVA) was carried out and the Fisher’s Least 
Significant Difference (LSD) test was used to test 
for significant differences amongst the mean 
values. Common letters within each column 
indicate no significant difference amongst the 
means at a 95% confidence level (p<0.05). 
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noted that in both of these studies, the yield was expressed as a percentage of starting cellulose 
(filter paper or MCC), and not the original wood from which the cellulose was isolated from. 
In the production of MCC that is subsequently used in the production of CNC, the typical 
unbleached pulp yield after pulping is between 40-50% (Uhlmann 1991), after-which there is a 
further yield loss of 10-20% during bleaching and 10-15% during the mild acid hydrolysis stage 
used to produce MCC. From this it can be estimated that the yield of CNC when produced from 
MCC is only around 10% when it is expressed as a percentage of the original wood. In this 
current study, the use of the (APS+AH) process therefore represented a four-fold increase in 
CNC yield compared to conventional processes used for producing CNC. The superior yield 
obtained when using APS oxidation was also noted by Cheng et al. (2014) who produced 
spherical CNC from Lyocell using APS oxidation. They found that that the yield ranged from 
22-75% when varying the APS reaction times (4-24 h), temperature (70-90°C) and 
concentrations (1-2 M), which was far superior to when acid hydrolysis was used. These results 
were also consistent with those reported by Leung et al. (2011) who found that APS oxidation 
of MCC resulted in a CNC yield of 65%, which was three-fold higher compared to when using 
acid for hydrolysis of the same material. For flax and hemp, they reported a seven-fold higher 
yield when using APS compared to when conventional acid hydrolysis processes were used. 
 
 
Table 4-3: Comparison of the average CNC yield from wood sawdust using APS on its own or the 
(APS+AH) process. Three experiments were carried out for each set of conditions. The standard 
deviations of the 3 resulting yield measurements are shown in brackets. 
APS oxidation Acid hydrolysis 
% Yield Conc.  
(M) 
Temp  
(°C) 
Time  
(h) 
Conc.  
(%) 
Temp  
(°C) 
Time  
(h) 
3 60 24 - - - 35.0 (±1.60) 
3 90 24 - - - 29.2 (±2.11) 
3 60 24 64 50 1 27.6 (±1.28) 
3 60 6 64 50 1 40.1 (±0.33) 
3 60 6 64 50 2 36.9 (±0.84) 
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4.3.2 Comparison of CNC produced from sawdust to model CNC compounds 
The potential impact of APS on the structural and compositional changes of cellulose was 
investigated by using MCC as a model compound for cellulose. The MCC was also subjected 
to the conventional AH process (64% H2SO4-45°C-1 h), and the resulting CNC served as model 
compound for CNC. Figure 4-3 shows the FTIR spectra of CNC produced from sawdust using 
the novel (APS+AH) process in comparison to the model CNC and MCC compounds, and the 
original wood sawdust. The main FTIR peaks of cellulose are typically located around 3300 
cm-1 (which is attributed to the hydrogen bonded O-H stretching), 2900 cm-1 (C-H stretching), 
1640 cm-1 (adsorbed O-H and conjugated C=O), 1430 cm-1 (asymmetric C-H deformation), 
1372 cm-1 (symmetric C-H deformation), 1336 cm-1 (O-H in-plane deformation), 1318 cm-1 
(CH2 wagging), 1201 cm-1 (C-H deformation), 1163 cm-1 (asymmetric C-O-C vibration), 1112 
cm-1 (glucose ring stretch) and 1033-1059 (C-O stretching) (Pandey 1999). Some of these 
typical peaks for cellulose (Ago et al. 2012) are highlighted in Figure 4-3 for CNC produced 
from MCC using acid hydrolysis and compared favourably to CNC produced using the 
(APS+AH) process. This confirmed that the structural and compositional integrity of cellulose 
was not compromised after APS oxidation. The FTIR spectra of sawdust and MCC are included 
for comparison purposes.  
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Figure 4-3: FTIR spectra of sawdust (a), pure MCC (b), CNC produced from MCC using the 
conventional acid hydrolysis process: 64% H2SO4-45°C-1 h (c), CNC produced from sawdust using the 
APS process: 3 M-60°C-24 h (d) and the (APS+AH) processes: [APS (3 M-60°C-6 h) + AH (64% H2SO4-
50°C-2 h)] (e) and [APS (3 M-60°C-6 h) + AH (64% H2SO4-50°C-2 h)] (f). 
 
 
The results from TG and DTG analyses are shown in Figure 4-4, and the degradation 
temperatures are summarised in Table 4-4. It can be seen that the original sawdust had the 
highest thermal stability with a degradation temperature of 345°C. As the wood was processed 
into cellulose products (such as MCC), the thermal stability decreased. This was expected, as 
lignin contained in biomass has been shown to be more thermally stable and degrade at a slower 
rate and wider temperature range (200-500°C) compared to both cellulose and hemicelluloses 
(Brebu & Vasile 2010). In the case of cellulose, the degradation temperature can range between 
250-400°C (Randriamanantena et al. 2009; Cheng et al. 2014). For MCC, the degradation 
temperature was close to 2% lower than the sawdust, at 339°C. For CNC produced from MCC 
using the conventional acid hydrolysis process, the degradation temperature was reduced by 
3% to 329°C, and overall, was 5% lower than the original sawdust. The duration of the AH 
stage in the (APS+AH) process was found to affect the thermal stability of the resulting CNC. 
A 1 h AH stage resulted in a further 1% drop in degradation temperature compared to CNC 
produced from MCC using acid hydrolysis; and 2% drop when the AH stage was increased to 
2 h. Overall, the decrease in the thermal stability of CNC produced using the (APS+AH) process 
did not exceed 10% compared to the original sawdust used. Cellulose nanocrystals are known 
to be less thermally stable than cellulose from which it was formed, and this is generally due to 
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its smaller dimensions, active surface groups and its high specific area (Cheng et al. 2014; Li 
et al. 2011). Indeed, Petersson et al. (2007) showed that the thermal stability of CNC was 13% 
lower than that of MCC from which it was produced. They recorded the onset of thermal 
degradation of the MCC at 300°C and around 260°C for CNC. Of importance in the current 
study was the findings that the CNC produced using the (APS+AH) process were all stable 
below 300°C. The processing temperature of most thermoplastic applications is usually above 
200°C, and so at these levels of thermal stability, the CNC can be safely used in most plastic 
applications (Wang & Huang 2007). 
 
Figure 4-4A also shows that the residual char for the CNC samples were significantly higher 
compared to the MCC and the raw sawdust. According to Li et al. (2011) this may be due to 
the small size of the CNC and its higher number of free end chains, which decompose at a lower 
temperature, thereby increasing the levels of char. Compared to sawdust, the higher crystallinity 
index of CNC may also be a reason for the higher amounts of residual char – the higher 
crystallinity and subsequently lower levels of hemicelluloses and higher levels of cellulose in 
the CNC may lead to higher amount of carbon, and as a result, the higher residual char (Li et 
al. 2011). Kim et al. (2001) also attributed the elevated levels of char to the use of sulphuric 
acid which is a well-known dehydrating agent. 
 
 
 
Figure 4-4: TGA (A) and DTG (B) curves of sawdust (a), pure MCC (b), CNC produced from MCC using 
the conventional acid hydrolysis process: 64% H2SO4-45°C-1 h (c), and CNC produced from sawdust 
using the (APS+AH) process: [APS (3M-60°C-6 h) + AH (64% H2SO4-50°C-1 h)] (d) and  [APS (3M-
60°C-6 h) + AH (64% H2SO4-50°C-2 h)] (e). 
Table 4-4: Comparison of thermal degradation temperatures. 
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Sample Processing Conditions Degradation Temp 
(°C) 
Sawdust - 345 
MCC commercial grade 339 
CNC from MCC AH (64% H2SO4-45°C-1 h) 329 
CNC from sawdust APS (3 M-60°C-6 h) + AH (64% H2SO4-50°C-1 h) 324 
CNC from sawdust APS (3 M-60°C-6 h) + AH (64% H2SO4-50°C-2 h) 316 
 
 
Figure 4-5 shows the x-ray diffraction patterns of sawdust, MCC and CNC produced from 
sawdust treated with APS and sawdust treated with the (APS+AH) process. The diffractograms 
shown are typical for Cellulose I and exhibit 3 crystalline peaks at diffraction angles of 2Ɵ = 
18°, 22° and 35°, thus confirming that the integrity of cellulose was not compromised during 
processing (Landry et al. 2011; Leung et al. 2011). Table 4-5 shows the cellulose crystallinity 
index (CrI) determined from the associated diffractograms. The crystallinity index of sawdust 
was around 68%, which was similar to that reported by Newman & Hemmingson (1990) for a 
range of hardwoods and softwoods. For MCC, the CrI of 88% obtained was similar to findings 
by Pan et al. (2013) who reported a value of 92% for MCC. For CNC produced from sawdust 
using APS or (APS+AH), an average crystallinity of around 79% was obtained. This was in 
close agreement with the CNC CrI reported by Landry et al. (2011), Li et al (2011) and Hamad 
& Hu (2010) who reported values of 78%, 82% and 83%, respectively, for CNC produced by 
acid hydrolysis of bleached softwood kraft pulps. When Cheng et al. (2014) applied APS to 
Lyocell they obtained spherical CNC with CrI values ranging from 88% to 94%. The 
crystallinity of CNC has been shown in the literature to vary widely depending on the starting 
material, the method of preparation and the method used for the measurement. The results in 
Table 4-5 show that acid hydrolysis coupled with APS oxidation was more efficient in 
removing amorphous cellulose as indicated by the higher crystallinity values obtained for the 
(APS+AH) process compared to when APS was used on its own. However, the results in Table 
4-5 also show that the CrI of MCC was higher than all of the CNC produced using APS and the 
(APS+AH) process. This implied that the crystalline regions of cellulose were degraded to a 
certain extent during the APS and (APS+AH) process. This is not uncommon, and other studies 
have obtained similar findings using acid hydrolysis alone to produce CNC (Wang et al. 2008; 
Pan et al. 2013). When using APS oxidation, Leung et al. (2011) reported only a 4% increase 
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in CrI for CNC (83%) from MCC (79%), whilst the CrI of CNC remained unchanged compared 
to Whatman paper used as the starting material (91%). 
  
Figure 4-5: XRD spectra of sawdust (a), pure MCC (b) and CNC produced from sawdust using the APS 
process: 3M-60°C-24 h (e) and the (APS+AH) processes: APS (3M-60°C-6 h) + AH (64% H2SO4-50°C-
1 h) (c) and APS (3M-60°C-6 h) + AH (64% H2SO4-50°C-2 h) (d). 
 
 
Table 4-5: Comparison of crystallinity indices of sawdust, MCC and CNC. 
4.4 Conclusions 
This study presented a simplified process to produce CNC directly from wood sawdust using a 
novel process that combines APS oxidation (3 M, 60°C, 6 h) with AH (64% H2SO4, 50°C, 1-2 
samples 
Peak Intensities 
CrI 
(%) 
I002  
2Ɵ = 22° 
Iam  
2Ɵ = 18°  
I002 - Iam  
Sawdust 14 076 4 579 9 497 67.5 
MCC 17 901 2 174 15 727 87.9 
CNC by APS (3 M-60°C-24 h) 5 453 1 344 4 109 75.4 
CNC by APS (3 M-60°C-6 h) + AH (64%-50°C-1 h) 7 464 1 540 5 924 79.4 
CNC by APS (3 M-60°C-6 h) + AH (64%-50°C-2 h) 10 109 1 879 8 230 81.4 
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h). The novel (APS+AH) process required only 7-8 h reaction time to produce CNC with 
dimensions ranging between 122-213 nm long and 4-6 nm wide. In addition, a maximum yield 
of 40% was obtained, which when expressed as a percentage of the wood, represented a four-
fold increase in yield compared to conventional processes using acid for hydrolysis and wood 
pulps as the starting material. The resulting CNC also exhibited high crystallinity (81%) and 
thermal stability (320°C) which are important pre-requisites for most thermoplastic composite 
applications. 
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CHAPTER 5  
PILOT SCALE PRODUCTION OF CELLULOSE NANOCRYSTALS FROM 
WOOD SAWDUST USING A NOVEL PROCESS THAT COMBINES 
AMMONIUM PERSULPHATE OXIDATION WITH ACID HYDROLYSIS 
 
Abstract  
A novel process to produce cellulose nanocrystals (CNC) directly from wood sawdust was 
developed in the laboratory. The process entailed treating sawdust with 3 M ammonium 
persulphate (APS) solution at 60°C for 6 h followed by acid hydrolysis (AH) using sulphuric 
acid (64%, 50°C, 1-2 h) to produce CNC ranging between 122-213 nm long and 4-6 nm wide. 
This novel (APS+AH) process was found to be significantly shorter than most processes 
available and negates the use of conventional pre-treatment steps such as pulping and bleaching 
that are typically used to isolate cellulose from wood. The current study details the upscaling 
of the novel (APS+AH) process to a pilot scale. Using a 32 L bioreactor, the innovative 
(APS+AH) step was successfully demonstrated at a pilot scale. The resulting CNC measured 
259 nm long and 5.8 nm wide and exhibited high crystallinity (79.3%) and thermal stability 
(325°C) which are important pre-requisites for most thermoplastic composite applications. 
 
Keywords: cellulose nanocrystals, sawdust waste, pilot scale, ammonium persulphate 
 
  
5.1 Introduction 
The global market for nano-cellulose was estimated around US$ 65 million in 2015 and was 
predicted to reach around US$ 530 million by the year 2021, increasing by a compounded 
annual growth rate (CAGR) of 30% (Figure 5-1). The increase in demand for nano-cellulose 
based products is driven by its expanding applications in the automotive (body parts and 
interiors), construction (cement and reinforcements), paper (packaging, coatings, fillers, 
hygiene, absorbent, security and barrier papers), aerospace (structural and internal 
components), oil and gas (aerogels), medical (antimicrobial, controlled drug delivery), food 
(stabilisers, gellants), environmental (biosensing) and industrial (green catalysis) sectors. In the 
case of CNC, due to its impressive mechanical properties, it also has the potential to serve as 
the load bearing/reinforcement component in composites. Currently, composites that are made 
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from synthetic components based on fossil resources and glass, carbon and aramid fibres, have 
several limitations such as continually rising production costs, poor recyclability and non-
biodegradability of the composites, and overall are not environmentally sustainable. As a result, 
the development of bio-composites using sustainably sourced materials is a major component 
of the South African Bioeconomy Strategy22. 
 
Figure 5-1: Illustration of the global nanocellulose market23 
 
 
In response to this growing demand for CNC-based green alternatives to fossil resources in the 
manufacture of polymers and chemicals, significant efforts are underway to commercialise the 
production of CNC. However, the quest for the “holy grail” of CNC-based products that will 
open the markets for industrialisation of CNC production is still underway.  Globally, the top 
producers of CNC in the world are shown in Table 5-1. Clearly, the production of CNC has not 
reached the scale of industrial proportions common to the pulp and paper industry, and a lot of 
what is produced is used in the research and development of new products. There are however, 
a few commercialised CNC-based products in the market such as pharmaceutical fillers and 
cement additives, whilst other companies are using the products exclusively in their own 
operations (Chamberlain 2017). Currently, in South Africa, there are no CNC manufacturing 
                                                 
22
 http://www.pub.ac.za/files/Bioeconomy%20Strategy.pdf 
23
 http://www.marketresearchstore.com/news/global?nanocellulose?market?223 
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facilities on an industrial or even pilot scale. Figure 5-2 shows the location of some of the 
production facilities of nanocellulose worldwide.  
 
 
Table 5-1: Top 8 global pilot plant facilities producing CNC24. 
Country-company Capacity (kg day-1) 
Investment 
(US$, million) 
Canada – CelluForce* 1000 46 
USA – American Process* 400-500 ND** 
Sweden – Melodea* 80-100 ND** 
Canada – Alberta Innovates 20 5.5 
USA – Forest Products Laboratory 10 1.7 
Canada – Blue goose Biorefineries 10 0.5 
India – Council for Agricultural research 10 ND ** 
Canada – FPInnovations 3 ND ** 
* Includes some figures from Chamberlain (2017) 
** Not disclosed 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
24
 http://www.tappinano.org/media/1114/cellulose-nanomaterials-production-state-of-the-industry-dec-2015.pdf 
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Figure 5-2: Location of major production facilities world-wide (Moon 2014). 
 
 
In Chapter 4, a novel process to produce CNC directly from wood sawdust was reported. The 
process entailed treating sawdust with 3 M ammonium persulphate (APS) solution at 60°C in a 
round bottom flask for 6 h followed by acid hydrolysis (AH) using sulphuric acid (64%, 50°C, 
1-2 h). The (APS+AH) process differed from conventional processes that are used to produce 
CNC in that it was applied directly to wood, which in the case of sawdust, is also a waste 
material. Using the (APS+AH) process, there was no need for conventional pre-treatment steps 
such as pulping and bleaching to isolate cellulose. Conventional CNC production processes 
which make use of acid hydrolysis generally require high purity cellulose materials which are 
usually in the form of bleached chemical pulps (kraft and sulphite), or even higher purity 
microcrystalline cellulose (MCC) products that cost in the region of US$ 1000-1200 per ton25.  
In Chapter 4, the (APS+AH) process was demonstrated at a laboratory scale using up to 2 g 
sawdust. The current work details attempts to upscale the technology to a pilot scale to ensure 
that a sustainable local supply of CNC will be available in South Africa for further R&D into 
beneficiation into high value products. At the time of writing this dissertation, our Research 
Group had secured an R18 million DST grant that specifically focussed on the downstream 
beneficiation of CNC. As a result, the current study centred on the upscaling of the laboratory 
process to ensure that an adequate supply of CNC was available for investigations into its 
                                                 
25Bernhard Riegler, Vice President: Marketing – Sappi Specialised Cellulose (Pers. Comm. 06/06/2018). 
123 
beneficiation. Options that were explored at the time of this study included the use of CNC for 
the fabrication of biocomposite materials specifically for the use in the packaging, textiles, 
hygiene and water purification (filtration membranes, adsorbents and coagulants) industries. 
 
 
5.2 Materials and Methods 
A schematic flow diagram of the (APS+AH) process demonstrated at a laboratory scale is 
shown in Figure 5-3, and was detailed earlier in Chapter 4. Briefly, the process involved 
treating 2 g sawdust with 200 ml of 3 M APS at 60ᵒC for 6 h. This represented a 1:100 sawdust-
to-APS ratio. After the reaction period, the resulting suspension was allowed to cool and then 
centrifuged. The supernatant APS solution was decanted and discarded and the pellets 
remaining in the centrifuge tubes were transferred to a 250 ml round bottom flask. A 30 ml 
aliquot of 64% sulphuric acid (1:15 sawdust-to-acid ratio) was added and allowed to react at 
50°C for 1-2 h. Thereafter, the conventional steps of dilution, centrifugation and ultra-
sonication were applied as described earlier (Chapter 3). Finally, the suspension was dialysed 
to obtain a neutral suspension (Dong et al. 1998; Leung et al. 2011). The steps shown in orange 
are common to most processes that are used to produce CNC and conventionally follow the 
acid hydrolysis step. 
The morphology of the resultant CNC was observed using a JEOL 1010 transmission electron 
microscope (JEOL, USA), as described earlier in Chapter 3. CNC thermal characteristics and 
crystallinity were analysed using a TGA1 thermogravimetric analyser (Perkin Elmer, USA) and 
an AXS diffractometer (Bruker, Germany), respectively, whereas the structural and 
compositional characteristics of CNC were analysed on a Spectrum 100 Fourier transform 
infrared (FTIR) spectrophotometer (Perkin Elmer, USA). The details of these procedures were 
all described earlier in Chapter 4.  
When required, the moisture content of pulps (residual material after APS oxidation) was 
measured using TAPPI standard method T412 om-94.  
Fibre lengths of the APS oxidised sawdust material prior to CNC formation was measured using 
a Morfi Compact fibre analyser (TechPap, France), whilst the carbohydrate content (glucose, 
xylose, galactose, mannose and arabinose) was determined by first acid hydrolysing the APS 
oxidised material according to the TAPPI standard method T249 cm-85, followed by analysis 
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of the hydrolysate using high performance anion exchange chromatography (HPAEC) coupled 
with pulsed amperometric detection (Wright & Wallis, 1996; Wallis et al. 1996). Lignin was 
determined by quantitatively filtering the aforementioned hydrolysed sample, used in the 
determination of the carbohydrates, under vacuum through a 0.45 µm membrane filter. The 
material remaining on the membrane filter was defined as the Klason lignin. 
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Figure 5-3: Schematic overview of the novel (APS+AH) process at a laboratory scale. 
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5.3 Results and Discussion 
 
5.3.1 Minimising the sawdust-to-APS ratio 
From Figure 5-3, it can be seen that the sawdust-to-APS ratio used in the laboratory was 1:100 
(i.e. 2 g in 200 ml). Scaling up the CNC production implied that 1 kg of sawdust required 100 
L of 3 M APS and an adequately size reactor. However, as a reactor greater than 100 L in size 
was not available, an investigation was conducted to ascertain if lower ratios could be effective 
in the production of CNC using APS.  Therefore, the first step of upscaling the process was to 
reduce the sawdust-to-APS ratio as much as possible in order to reduce the size of the reactor 
required. For this purpose, the APS reaction was carried out in the laboratory at four varying 
ratios of sawdust-to-APS (Table 5-2), whilst keeping all other process conditions the same.  
 
 
Table 5-2: Varying the sawdust-to-APS ratio. 
Experiment Ratio 
20 g sawdust in 200 ml APS 1:10 
30 g sawdust in 200 ml APS 1:7 
40 g sawdust in 200ml APS 1:5 
50 g sawdust in 200ml APS 1:4 
 
 
The objective of the study was to determine the minimum sawdust-to-APS ratio that would 
achieve complete delignification of the sawdust in the allotted 6 h reaction time. Figure 5-4 
shows the resulting sawdust samples after the 6 h APS treatment using different sawdust-to-
APS ratios. It can be seen that the degree of delignification of the sawdust decreased as the 
amount of sawdust increased in relation to the APS solution. This was evident by the increasing 
intensity of the brown colour that is characteristic of residual lignin. However, the 1:10 ratio 
sample resulted in complete delignification, as a completely white suspension was obtained 
(Figure 5-5). Based on these results, all further upscaling experiments were carried out using 
a 1:10 ratio of sawdust-to-APS.  
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Figure 5-4: Decrease in the degree of delignification as the ratio of sawdust-to-3 M APS solution was 
increased, as evident by the increasing brown colour which is characteristic of residual lignin - 1:10 (A); 
1:7 (B); 1:5 (C) and 1:4 (D). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-5: Close-up showing the degree of delignification for the 1:10 (A) and 1:4 (B) sawdust-to-APS 
samples treated with 3 M APS at 60°C for 6 h. 
 
5.3.2 Characterisation of the APS oxidised sawdust 
The results of the yield, fibre morphology and chemical characteristics of the APS oxidised 
sawdust samples using different sawdust-to-APS ratios are shown in Table 5-3. As expected, 
the yield increased as the ratio of sawdust-to-APS increased. This was due to the decrease in 
the rate of delignification, and consequently, an increase in the residual lignin concentration. 
Using a ratio of 1:4 resulted in a yield of 68%, which decreased to 53% when a 1:10 ratio was 
A B 
A B C D 
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used. The yield obtained using this ratio fell within the typical bleached pulp yield range of 45-
55% for hardwood kraft pulps (Colodette et al. 2002; Macleod 2007; Colodette et al. 2007) and 
in particular, for South African Eucalyptus kraft pulps (Sefara et al. 2000; Megown et al. 2000; 
Andrew et al. 2014).  
Also in line with expectations was the gradual shift to shorter fibres as the ratio of sawdust-to-
APS increased (Figure 5-6). For the 1:10 ratio samples, 75% of all the fibres measured were 
less than 250 µm in length. This decreased to 32%, 21% and 17% as the ratio decreased for the 
1:7; 1.5 and 1:4 ratio samples, respectively. The presence of CNC in the 1:10 ratio sample was 
not tested at this stage of the study as the characteristic CNC suspension was not evident.    
Results for chemical characterisation of the APS oxidised sawdust showed that the 
concentration of all of the monosaccharides decreased as the ratio of sawdust-to-APS increased 
from 1:4 to 1:10 (Figure 5-7). The glucose content decreased by about 10% from 77% to 66%; 
xylose decreased by around 6% from 9.3% to 3.5%; and mannose by 0.5% from 2.7% to 2.2%. 
For arabinose, the decrease was marginal, and galactose was below the detection limits of the 
instrument for all samples. As expected, lignin also showed a similar trend, in that the residual 
concentration decreased as the ratio of sawdust-to-APS increased. In this instance, the lignin 
concentration decreased from 11% to close to 2%. The decrease in the concentration of the 
carbohydrates, and lignin, is consistent with our understanding of APS oxidation of 
lignocellulosic materials – the highly reactive sulphate and hydroxyl radicals anions together 
with hydrogen peroxide that are formed when the APS solution is heated, penetrates the 
recalcitrant wood structure, attacks, solubilises and decolourises lignin, whilst at the same time 
degrading the amorphous cellulose and the hemicelluloses (Leung et al. 2011). The lower 
glucose content in the 1:10 ratio samples may be indicative of a higher removal of amorphous 
cellulose compared to the other samples treated at lower sawdust-to-APS ratios. 
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Table 5-3: Yield, fibre morphology and chemical characterisation of APS oxidised sawdust material. Experiments were carried out in triplicate and average values 
are shown. 
Sample ratio 
(sawdust:APS) 
Sample after APS treatment 
(3 M-60ºC-6 h) 
Yield (%) 
(±SD) 
Light Microscopy Images Physical and Chemical Characterisation 
 
 
 
1:10 
 
 
 
 
53.8 (2.18) 
 
 
 
 
 
1:7 
 
 
 
 
55.9 (3.16) 
 
 
 
 
1:5 
 
 
 
 
 
61.1 (4.00) 
 
 
 
 
1:4 
 
 
 
 
68.2 (4.87) 
 
Figure 5-6: Fibre morphology of APS oxidised 
sawdust material 
Figure 5-7: Carbohydrate and lignin content of APS 
oxidised sawdust material 
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5.3.3 Upscaling of (APS+AH) process 
With the optimum ratio of sawdust-to-APS solution now known to be around 1:10, preliminary 
studies were made to upscale the technology using a 7.5 L bioreactor (Labfors HT, USA) 
(shown in Figure 5-8). After several preliminary runs to select the correct impellers and baffles 
to ensure adequate mixing, the process was scaled up to 500 g sawdust. The deionised water 
was preheated to about 30ºC and the reactor took about 60 min to reach the reaction temperature 
of 60ºC.   
 
 
 
Figure 5-6: Bioreactor used for upscaling APS reaction with sawdust (A) and close-up showing good 
mixing in reactor whilst in operation (B). 
 
 
The reaction started off smoothly but after about 90 min exhibited excessive effervescence 
from the reaction of APS with the sawdust material. This caused the reaction mixture to 
overflow and the experiment was abandoned due to concerns over the foam rising into stirring 
mechanism of the bioreactor. According to the material safety data sheet (MSDS),26 
decomposition reactions of APS results in the evolution of large volumes of gas and vapour, 
and these reactions are increased exponentially when APS is heated. As a result of this, the 
MSDS states that the reaction of APS with organic materials usually requires “appropriate 
                                                 
26
 http://mfc.engr.arizona.edu/safety/MSDS%20FOLDER/ammonium_persulfate.pdf 
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precautionary and design considerations for pressure and thermal relief”. The use of the 
Labfors HT bioreactor was therefore abandoned as it did not meet the requirements of a 
pressure vessel. The excessive evolution of gas and vapour during the APS reaction was not 
observed at a laboratory scale when using a 250-500 ml round bottom flask as the reactor 
vessel, and this may possibly be due to the smaller amount of APS and sawdust (2-50 g) that 
was used. As an attempt to verify this, the experiment was again repeated in the laboratory 
using 250 g sawdust contained in a 5 L round bottom flask which served as the reactor (see 
Figure 5-9). Unfortunately, the same problem was experienced in that the reaction contents 
effervesced and overflowed, and the experiment had to be abandoned. 
 
 
Figure 5-7: Upscaling of (APS+AH) technology to 250 g sawdust and 2500 ml of 3 M APS solution. 
The reaction was carried out in a 5 L round bottom flask. A 500 ml round bottom flask is shown in the 
foreground for comparison. 
 
 
At that stage in the project, a 32L BIOSTAT® C-DCU bio-reactor (Sartorius, Germany) that 
met the requirements of a pressure vessel and with good mixing capabilities was identified at 
the laboratories of the Technology Innovation Agency (TIA) based at the Umbogintwini 
Industrial Complex in Kwazulu Natal, South Africa (Figure 5-10).  
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Figure 5-8: 32 L Sartorius BIOSTAT C-DCU pressure vessel with good mixing capability. 
 
 
As a quick initial test, 500 g of sawdust was processed in the bioreactor. As anticipated, the 
sample began to foam. However, the foam was subdued due to the pressure build-up within the 
bioreactor, which did not exceed 800 mbar. The reaction proceeded uneventful thereafter. Upon 
successful demonstration of the (APS+AH) process using 500 g sawdust sample, the mass was 
subsequently increased to 1 kg. Figure 5-11 shows a collage of photographs captured at 
different stages during the APS oxidation stage. The air dried sawdust was added into the 
bioreactor already containing the APS solution. The APS solution (10 L) was added to the 
bioreactor using a peristaltic pump that pumped the solution into the bioreactor via an opening 
on lid of the bioreactor. The temperature of the APS was maintained at the reaction temperature 
of 60ᵒC and gently mixed, whilst the sawdust was added via the same opening on the lid of the 
reactor with the aid of a plastic funnel (Figure 5-11A). Upon completion of the reaction time, 
the oxidised material was discharged from the bioreactor into a 25 L plastic bucket via a valve 
opening located at the base of the bioreactor (Figure 5-11C). The oxidised sawdust was then 
divided into two parts and transferred to two 50 L plastic containers. The reaction was quenched 
by addition of tap water (1:100 APS oxidised sawdust-to-water). The two solutions were then 
combined and filtered in batches on a Büchner funnel attached to a 10 L Büchner flask (Figure 
5-11D). Approximately 20 L of tap water was used to wash the APS oxidised sawdust material 
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(Figure 5-11E). After washing, the pulp pads (Figure 5-11F) were removed from the Büchner 
funnel, weighed and the moisture content was determined, from which the yield was calculated, 
as shown in Table 5-4. The yield after APS oxidation correlated well with that achieved in the 
laboratory using smaller amounts of sawdust (See Table 5-3). 
 
 
Table 5-4: Determination of yield after APS oxidation. 
Mass of sawdust 
used (g) 
Mass of APS 
oxidised sawdust 
material (g) 
Moisture Content 
(%) 
Yield  
(%) 
500 1225 78.3 53.2 
1000 2785 80.1 55.4 
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A 
D 
C 
B 
E 
F 
Figure 5-9: APS oxidation of 1 kg sawdust in 32 L BIOSTAT® C-DCU bioreactor. Loading of the bioreactor with the assistance of Dr LR Mafu (A), close-up 
of APS and sawdust in reactor (B), discharging APS oxidised sawdust after reaction (C), washing of APS oxidised sawdust on Büchner funnel (D), close-up 
of washed APS oxidised sawdust, and washed pulp pads (E) 
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The APS oxidised material was then subjected to AH. For this purpose a 6.6 L BIOSTAT® B-
DCU bioreactor (Sartorius, Germany) was used (Figure 5-12). Due to the smaller sized reactor, 
the APS oxidised sawdust material was divided into four batches and processed under standard 
AH conditions (64% H2SO4-50ºC-1 h) using a pulp-to-acid ratio of 1:15. Upon completion of 
the AH stage, the reaction was quenched using tap water contained in 50 L plastic buckets 
(1:100 ratio of pulp-to-water). Due to the unavailability of a sufficiently large ultra-sonicator, 
an aliquot of the acid hydrolysed material was processed in 200 ml batches for the remaining 
purification steps of dilution, ultra-sonication and centrifugation, as per the process flow shown 
in Figure 5-3. 
 
 
Figure 5-10: Acid hydrolysis carried out using 6.6 L BIOSTAT® B-DCU bioreactor (A), loading of 
bioreactor with pulp (B) and close-up of acid hydrolysis experiment. 
 
Due to the slow progress made with the laboratory scale ultra-sonicator, only about 6 L of CNC 
suspension was produced, enough to demonstrate the success of the innovative step of the 
(APS+AH) process (See Figure 5-13). Unfortunately, as a result of this, the final CNC yield 
A B 
C 
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could not be verified at this level as not all of the sample was processed. An aliquot of 
approximately 200 ml of the CNC was then taken, dialysed and freeze dried prior to 
characterisation.   
 
Figure 5-11:  Pilot scale quantities of CNC shown contained in 2 L glass beakers (A) and close up in 
petri dishes (B). 
 
 
5.3.4 Characterisation of CNC produced from pilot trial 
The transmission electron micrograph of CNC produced from sawdust using the (APS+AH) 
process at a pilot scale is shown in Figure 5-14, and the dimensions of the CNC particles are 
listed in Table 5-5. In comparison to the CNC produced from sawdust at a laboratory scale 
using the same process conditions, the CNC produced during the pilot trial was around 20% 
longer and close to 5% thicker. The CNC particles also appeared to be less uniform in size 
compared to the laboratory produced CNC as shown by the higher polydispersity values given 
in Table 5-5.  
 
 
 
 
 
A B 
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Figure 5-12: Transmission electron microscopy (TEM) image of CNC produced at a pilot scale. Scale 
bar = 200 nm. 
 
 
Table 5-5: Comparison of CNC dimensions produced from sawdust at a pilot and laboratory scale using 
the (APS+AH) process. Polydispersity values (standard deviation of the CNC particle size 
measurements divided by the average CNC particle size, expressed as a percentage) are shown in 
brackets. 
 TEM measurement 
Sample Length (nm) Width (nm) 
CNC – pilot trial using  APS (3 M-60°C-6 h) + AH (64%-50°C-1 h) 259 (31.9) 5.81 (35.8) 
CNC – lab trial using APS (3 M-60°C-6 h) + AH (64%-50°C-1 h) 213 (22.1) 5.57 (24.7) 
CNC – lab trial produced from MCC using acid hydrolysis (64% H2SO4-
45°C-1 h) 
128 (19.3) 5.01 (23.6) 
 
 
Figures 5-15A to D show the FTIR, XRD, TG and DTG spectra of the CNC produced from 
sawdust during the pilot trial using the (APS+AH) process, together with the CNC produced 
from sawdust at a laboratory scale using the same process. Cellulose nanocrystals produced 
from MCC using the conventional acid hydrolysis process was used as a model compound for 
comparison purposes. The FTIR analysis showed spectra typical for pure cellulose (Figure 5-
15A). The main FTIR peaks of cellulose located around 3300 cm-1 (which is attributed to the 
hydrogen bonded O-H stretching), 2900 cm-1 (C-H stretching), 1640 cm-1 (adsorbed O-H and 
conjugated C=O), 1430 cm-1 (asymmetric C-H deformation), 1372 cm-1 (symmetric C-H 
deformation), 1336 cm-1 (O-H in-plane deformation, 1318 cm-1 (CH2 wagging), 1201 cm-1 (C-
H deformation), 1163 cm-1 (asymmetric C-O-C vibration), 1112 cm-1 (glucose ring stretch) and 
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1033-1059 (C-O stretching) were all observed (Pandey 1999). In addition, the spectrum of CNC 
produced from MCC using acid hydrolysis compared favourably to both the laboratory and 
pilot trials using the (APS+AH) process. This confirmed that the structural and compositional 
integrity of cellulose was maintained using the novel (APS+AH) process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-13: FTIR (A), XRD (B), TG (C) and DTG (D) characterisation of CNC produced from sawdust 
using the novel APS+AH process: APS (3 M-60°C-6 h) + AH (64% H2SO4-50°C-1 h) process 
demonstrated on a pilot (a) and laboratory (b) scale. CNC produced from MCC using the conventional 
AH (64% H2SO4-45°C-1 h) process was used as a model compound for comparison (c). 
 
The XRD diffractograms for CNC (Figure 5-15B) were also typical for Cellulose I and exhibit 
3 crystalline peaks at diffraction angles of 2Ɵ = 18°, 22° and 35°, thus confirming that the 
integrity of cellulose was not compromised during processing (Landry et al. 2011; Leung et al. 
2011). Table 5-6 gives the CrI values determined from the associated diffractograms. The CrI 
of CNC produced during the pilot trials compared favourably with the CNC produced in the 
laboratory, both using the (APS+AH) process. However, the CrI of both these CNC samples 
were marginally lower than the CNC produced from MCC using the conventional acid 
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hydrolysis process. This may indicate a lower removal of amorphous cellulose from sawdust 
using the (APS+AH) process. Overall though, the CrI of the CNC produced from sawdust using 
the (APS+AH) process was in close agreement with CrI values reported by Landry et al. (2011), 
Li et al (2011), and Hamad & Hu (2010) who reported values of 78%, 82% and 83%, 
respectively, for CNC produced by acid hydrolysis of bleached softwood kraft pulps. When 
Cheng et al. (2014), applied the APS oxidation method to Lyocell, they obtained spherical CNC 
with CrI ranging from 88% to 94%, whilst Leung et al. (2011) reported values of 83% for CNC 
produced from MCC using APS oxidation. 
 
 
Table 5-6: Comparison of crystallinity indices of sawdust, MCC and CNC. 
The TG and DTG analyses are shown in Figure 5-15C & D, respectively, and the degradation 
temperatures are summarised in Table 5-7. The CNC produced at a pilot and laboratory scale 
using the (APS+AH) process compared favourably with each other and with the CNC produced 
from MCC using the conventional acid hydrolysis process. Overall, there was less than 3% 
difference in the degradation temperatures between all three CNC samples. More importantly, 
all the CNC samples were stable below 300°C. The processing temperatures of most 
thermoplastic applications are usually above 200°C, and so at these levels of thermal stability, 
the CNC can be safely used in most plastic applications (Wang & Huang 2007).  
Figure 5-15C also shows that the residual char for CNC produced from MCC using the 
conventional acid hydrolysis process was marginally higher compared to CNC produced from 
sawdust using the (APS+AH), both at a pilot and laboratory scale. According to Li et al. (2011) 
this may be due to the smaller size of the CNC produced from MCC (see Table 4-5) compared 
to the CNC produced from sawdust using the (APS+AH) process, and as a result, a higher 
number of free end chains, which decompose at a lower temperature, thereby increasing the 
Samples 
Peak Intensities 
CrI 
(%) 
I002  
(2Ɵ = 22°) 
Iam  
2Ɵ = 18°  
I002 - Iam  
CNC - pilot trial using  APS (3 M-60°C-6 h) + AH (64%-50°C-1 h) 4 888 1 011  3 877 79.3 
CNC - lab trial using APS (3 M-60°C-6 h) + AH (64%-50°C-1 h) 7 053 1 333 5 720 81.1 
CNC from MCC using AH (64%-45°C-1 h) 9 899 1 639 8 260 83.4 
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levels of char. A similar trend was observed for the CNC produced at a pilot scale compared to 
that produced in the laboratory – a higher level of char was obtained for the smaller sized 
laboratory produced CNC.  The higher crystallinity of CNC may also be a reason for the higher 
amounts of residual char – the higher crystallinity and subsequently lower levels of 
hemicelluloses and higher levels of cellulose in the CNC may lead to higher amounts of carbon, 
and as a result, a higher residual char (Li et al. 2011). According to Kim et al. (2001) elevated 
levels of char may be due to the use of sulphuric acid which is a well-known dehydrating agent, 
and may explain the higher level of char obtained for the CNC produced from MCC using acid 
hydrolysis. 
 
 
Table 5-7: Comparison of degradation temperatures of CNC produced from sawdust using the 
(APS+AH) process with CNC produced from MCC using acid hydrolysis. 
Sample Processing Conditions Degradation Temp 
(°C) 
CNC from sawdust (pilot trial) APS (3 M-60°C-6 h) + AH (64%-50°C-1 h) 325 
CNC from sawdust (lab trial) APS (3 M-60°C-6 h) + AH (64%-50°C-1 h) 343 
CNC from MCC AH (64% H2SO4-45°C-1 h) 329 
 
 
5.4 Conclusions 
A novel process to produce CNC directly from wood sawdust was developed in the laboratory 
using ammonium persulphate coupled with acid hydrolysis (i.e. APS+AH). Using a 32 L 
bioreactor, the process was successfully piloted using 1 kg sawdust. The resulting CNC 
measured 259 nm long and 5.8 nm wide, and exhibited high crystallinity (79.3%) and thermal 
stability (325°C) which are important pre-requisites for most thermoplastic composite 
applications. The ability to produce large amounts of CNC will ensure that an adequate supply 
is available for further downstream processing.   
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CHAPTER 6  
BENEFICATION OF SAWDUST WASTE MATERIAL IN THE CONTEXT OF 
AN INTEGRATED FOREST BIOREFINERY MILL – KRAFT AND PRE-
HYDROLYSIS KRAFT PULPING PROPERTIES 
Abstract 
As part of a wider objective to isolate cellulose from sawdust waste material for the production 
of cellulose nanocrystals, conventional industrially available processes such as the kraft and 
pre-hydrolysis kraft (PHK) processes were investigated for delignification of sawdust produced 
from E. grandis wood. In the context of the integrated forest biorefinery, it may be useful to 
provide South African papermakers with preliminary data on the kraft and PHK pulping 
properties of sawdust as none appeared to be available in the country. The results showed that 
sawdust kraft pulps with acceptable yields (48%) and fibre morphologies comparable to 
conventional kraft pulps produced from wood chips could be produced in the laboratory using 
typical kraft pulping conditions. As expected, the exception was the pulp strength properties 
such as burst, tear and tensile strengths which were 50-70% lower than conventional pulps. 
During the pre-hydrolysis stage of the PHK process, up to 24 g l-1 xylose could be removed 
from sawdust with minimal removal of lignin (0.1 g l-1) and cellulose (2.5 g l-1). Pulping of the 
pre-hydrolysed sawdust resulted in a pulp yield around 35% (expressed as a % of the original 
wood). Preliminary characterisation of the unbleached PHK sawdust pulp such as pentosan 
content (3-4%), brightness (41%) and viscosity (760-850 ml g-1) alluded to its potential for the 
production of dissolving pulp.  
 
Keywords: biorefinery, sawdust pulp, kraft, pre-hydrolysis kraft, cellulose nanocrystals 
 
 
6.1 Introduction 
The kraft pulping process is the dominant wood chemical delignification process, and accounts 
for 90% of all chemical pulps produced worldwide (Tran & Vakkilainnen 2008; Sixta & Schild 
2009). The process, first patented in 1884 (Smook 2002), involves cooking wood chips in 
digesters (biomass reactors) at temperatures of 150-170°C, and in aqueous solutions of sodium 
hydroxide and sodium sulphide (Kerr 1970). The objective is to promote lignin fragmentation, 
depolymerisation and subsequent dissolution, whilst minimising carbohydrate degradation and 
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dissolution (Carvalho et al. 2000). A uniform distribution of cooking liquor throughout the 
wood chips is important for uniform delignification, which in turn produces pulps of high yield 
and quality (Zanuttini et al. 2005). Penetration and diffusion of cooking liquor throughout the 
wood chips is strongly affected by chip dimensions such as length, width and thickness, with 
chip thickness being the principle dimension of concern (Jimenez et al. 1990).  Wood chips 
thicker than the ideal chip thickness of 2-8 mm can lead to increased rejects, whilst smaller 
chips can have a detrimental effect on pulp yield (MacLeod 2007). With a surface area 30 times 
that of conventional wood chips, the major challenge when pulping sawdust particles is the non-
uniform wetting of these particles with cooking chemicals that lead to uneven penetration and 
diffusion of the cooking liquor. In turn, this can lead to low pulp yield and strength properties 
(Winstead 1972). To overcome this challenge,  the conventional method of pulping sawdust 
involves pre-steaming, cooking and discharging of the sawdust pulp using specialised digesters 
of the Messing-Durkee (M&D) or Kamyr types (Luthe et al. 2004; Korpinen et al. 2006). When 
cooked in conventional wood chip digesters, sawdust particles are often added to wood chips 
in controlled amounts and co-cooked with the wood chips (Korpinen et al. 2006).  
Although not practiced in South Africa, sawdust pulping is common in other countries and has 
been practised since the early 1960’s in the United States of America and Canada (Chawla & 
Gandotra 1966; Winstead 1972; Korpinen & Fardim 2009). Sawdust pulp yields can range 
between 43-45% for bleachable grade pulps and 46-48% for unbleached pulps (Winstead 1972). 
However, it has been reported that sawdust pulp strength properties are significantly lower than 
that produced from wood chips (Winstead 1972). This is presumably due to the shorter fibres 
obtained from the mechanically damaged small sized sawdust particles. Despite this, sawdust 
pulps have found use in several papermaking applications. Korpinen & Fardim (2009) used 
sawdust kraft pulp to reinforce thermomechanical (TMP) and pressurised ground-wood (PWG) 
pulps for use in uncoated super-calendered (SC) and light-weight coated (LWC) papers. They 
found that up to 30% of sawdust kraft pulp could be added to TMP and PGW pulps, without 
negatively impacting any of its properties. Winstead (1972) also reported that up to 20% 
sawdust pulp could be added to fine papers without any detrimental effect on strength 
properties; and that 50-70% of sawdust pulp may be blended to produce towelling and tissue 
papers.   
With the addition of a preceding hydrolysis stage prior to kraft pulping, the kraft process can 
also be used to produce dissolving pulp i.e. the pre-hydrolysis kraft (PHK) process (Kautto et 
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al. 2010). Pre-hydrolysis of wood chips with dilute acids (Carrasco & Roy 1992; Al-Dajani et 
al. 2009; Li et al. 2010; Saukkonen et al. 2012), bases (Um & van Walsum 2009; Johakimu & 
Andrew 2013), hot water (Leschinsky 2009; Li et al. 2010; Kautto et al. 2010; Pu et al. 2011; 
Saukkonen et al. 2012; Sixta et al. 2013) and steam (San Martin et al. 1995; Leschinsky et al. 
2009) enable the extraction and recovery of the hemicelluloses traditionally wasted in the kraft 
black liquor. Hydrolysis using water, also known as auto-hydrolysis, is of particular interest 
due to the environmentally benign nature of water and the lower cost of the process compared 
to other techniques (Tunc et al. 2008). Auto-hydrolysis with steam is currently used on an 
industrial scale for the production of dissolving pulp (Leschinsky et al. 2009). During auto-
hydrolysis, acetic acid is formed at high temperatures from the acetylated polysaccharides 
present in wood. The formation and release of acetic acid lowers the pH of the solution to 3-4, 
resulting in the hydrolysis and solubilisation of the hemicelluloses (Ragauskas et al. 2006; Pu 
et al. 2011). At the same time, small amounts of cellulose, lignin and uronic acids are also 
removed (Leschinsky et al. 2009). The PHK pulping process has gained significant traction in 
recent times and approximately 50% of dissolving pulp production is made using the PHK 
process (Ek et al. 2014).  The appeal of the process is due to the lower cost of production of 
dissolving pulp compared to the conventional acid bi-sulfite process, and also to the resulting 
high quality and uniform pulp produced (Sixta et al. 2013). Within the context of resource 
optimisation and a biorefinery mill, the attractiveness of the process is also due to the 
availability of hemicellulose rich streams for beneficiation into a range of additional products 
(Kautto et al. 2010). 
In this study, as part of the pre-treatment process to isolate cellulose to produce CNC, the 
sawdust was delignified using the conventional kraft and PHK pulping process. It was felt that 
it may be useful to provide South African papermakers with preliminary data on the properties 
of sawdust pulp as none appear to be available in the country.  
 
 
6.2 Materials and Methods 
 
6.2.1 Sampling and sample preparation 
One-and-half metre bottom billets were taken from each of five 11 year old Eucalyptus grandis 
trees, sampled from a single compartment from a company plantation in South Africa. The 
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billets were debarked and chipped using a 38” disc chipper (Precision Husky Corporation, 
USA). The chips from each billet were mixed and then screened to remove knots, rot, dirt and 
any residual bark material. After screening, the chips were air dried to approximately 10-15% 
moisture content (equilibrium moisture with the atmosphere – measured using TAPPI standard 
method T258 om-94). Sawdust was generated from a representative sample of the chips by 
passing the chips first through a hammer mill and then a Wiley mill. The sawdust was collected 
in a plastic bag and air dried for a few more days before sealing and storing at room temperature 
until required. Subsequently, the moisture content was measured when required using a Kett 
FD610 infrared moisture balance (Kett, USA). 
 
 
6.2.2 Kraft pulping 
Kraft pulping was carried out in an electrically heated rotating digester (Regmed, Brazil). The 
digester consisted of a 25 L stainless steel main boiler vessel that housed four intermediate 1.5 
L boiler vessels which were independent of the main boiler vessel and from each other. Each 
intermediate boiler vessel had its own pressure gauge and degassing valve and could be 
accessed individually at any time. One hundred-and-fifty grams oven dried (OD) equivalent 
sawdust samples were pulped at 170°C for 20, 40 50, and 60 min. This was equivalent to H-
factors of 424, 730, 884, and 1037, respectively. The ramp time to 170°C was 90 min. The 
sulphidity of the cooking liquor was kept constant at 27%, and the active alkali charge (%AA 
as Na2O) was varied at 3 levels (14, 16, and 18%).  During pulping, the moisture content of the 
sawdust was taken into account in order to maintain a constant liquor-to-wood (L:W) ratio, 
which was varied at 2 levels (4.5:1 and 7.5:1). After pulping, the cooked sawdust pulp was 
disintegrated for 5 min using a standard laboratory pulp disintegrator before washing under 
vacuum on a Büchner flask and funnel using tap water. The pulp was then screened on a 0.15 
mm slotted screen to separate uncooked sawdust material from the pulp. The yield was 
expressed as a percentage of the OD mass of pulp over the OD mass of sawdust pulped. 
 
6.2.3 Pre-hydrolysis kraft (PHK) pulping  
Water was used for the pre-hydrolysis treatment. The conditions employed for the treatment 
was a temperature of 170°C, ramp time of 60 min, and the time at 170°C was varied between 
15-60 min. After pre-treatment, the sawdust material was removed from the reactor, filtered 
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and washed under vacuum on a Büchner flask with deionised water. Prior to washing, an aliquot 
of the pre-hydrolysate was taken for chemical analysis. After washing and filtering, the pre-
extracted sawdust was weighed and the moisture content measured to calculate the yield and to 
maintain an accurate L:W ratio during the subsequent kraft pulping process. Fresh kraft white 
liquor was then added and conventional kraft pulping of the pre-hydrolysed sawdust was carried 
out as described above.  
 
 
6.2.4 Chemical characterisation 
Chemical characterisation of the sawdust was carried out on the fraction of sawdust that passed 
through a 40 mesh (0.4 mm) screen, as per the requirements of the TAPPI standard method 
T257 cm-85. The polysaccharide content of wood and pulp was determined by first acid 
hydrolysing the sample according to the TAPPI standard method T249 cm-85. This was 
followed by chromatographic separation of the hydrolysate and subsequent detection of the 
carbohydrates (Wright & Wallis 1996; Wallis et al. 1996). Acid insoluble (Klason) lignin was 
calculated from the residual material remaining after hydrolysis. Acid soluble lignin in wood 
and pulp was determined by measuring the absorbance of the filtrate at 205 nm using a Cary® 
50 UV/VIS spectrophotometer (Varian, USA). The acid soluble lignin and monosaccharides in 
the pre-hydrolysate was measured by first acidifying the extract with 1 ml of 72% sulphuric 
acid followed by hydrolysis in an autoclave with 4% H2SO4 at 121ºC (103 kPa) for 1 h prior to 
UV/VIS and chromatographic analysis. Kappa number of pulps was measured using TAPPI 
T236 cm-85. In instances where the kappa numbers were less than 10, then the French method 
for micro-kappa number determination (FDT 12-019) was used. The intrinsic viscosity of pulps 
was measured using the Scandinavian method SCAN-CM 15:88 (1988), and for the PHK pulps, 
the pentosan content was measured using an in-house method based on TAPPI T450 os-44.  
 
 
6.2.5 Fibre morphology and paper properties 
Various fibre morphological properties such as length, width, coarseness, kink, curl, etc. were 
measured using the Morfi Compact fibre morphology analyser (Techpap, France). The physical 
properties of the pulp were assessed on handsheets produced from the pulps. Where required, 
pulps were beaten in a PFI mill at 10% consistency. Pulp freeness was measured according to 
the TAPPI standard method T227 om-94. Handsheets with a basis weight of 60 g m-2 were 
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prepared on a Rapid Köthen sheet forming machine using a combination of the TAPPI standard 
method T205 sp-96 and the ISO standard method ISO 5269-1. This procedure involved one 
pressing and heated drying of the handsheets. Conditioned handsheets (24 h at 23⁰C and 50% 
RH) were then tested for burst (TAPPI T403 om-02), tear (TAPPI T414 om-98), tensile (TAPPI 
T494 om-01), tensile energy absorption (TAPPI T494 om-01), breaking length (TAPPI T494 
om-01), sheet density (TAPPI T411 om-97), stiffness (TAPPI T489 om-08), porosity (ISO 
5636-3), water absorptiveness at 45 secs (TAPPI T441 om-98) and brightness (TAPPI T452 
om-02).  
 
 
6.3 Results and Discussion 
6.3.1 Sawdust kraft pulping properties 
Screen pulp yield (SPY) generally increased with increasing cooking times (Figure 6.1–A). 
Using a constant AA charge (i.e. varying L:W ratio), optimum SPY was obtained using 7.5:1 
L:W ratio at 60 min cooking time. This is contrary to when pulping wood chips, where often a 
L:W ratio of 4.5:1 is adequate. However, owing to the increased surface area of the sawdust 
material, this was expected as a higher liquid volume ensured a more efficient wetting of the 
material. Subsequently, this ensured uniform distribution of the cooking liquor and as a result, 
a more uniform pulp (Winstead 1972). At constant cooking time of 60 min and 7.5:1 L:W ratio, 
SPY increased with increasing AA. This was consistent with findings by MacLeod & Kingsland 
(1990). Optimum SPY (48.4%) was achieved using 60 min cooking time, 7.5:1 L:W ratio and 
18% AA. The yield obtained fell within the typical unbleached pulp yield range (45-55%) for 
bleachable grade hardwood kraft pulps (Macleod 2007), and was only a few percentage points 
below that obtained for other South African E. grandis kraft pulps produced from woodchips 
and pulped using similar conditions (Sefara et al. 2000; Megown et al. 2000; Andrew et al. 
2014). According to Macleod (2007), chip size distribution is one of the top ten factors affecting 
pulp yield, and optimum chip thickness ranges between 2-8 mm. Due to their small particle 
size, pulping of sawdust or fines material should generally result in decreased pulp yields 
outside the range stipulated above. Studies carried out by MacLeod & Kingsland (1990) showed 
that the pulp yield and even pulping rate of sawdust could be increased by the use of 
anthraquinone. Luthe et al. (2004) found that the use of polysulphide together with 
anthraquinone, increased pulp yield by up to 4% compared to the conventional kraft pulping of 
sawdust. They attributed this to the increased surface area and improved accessibility of the 
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sawdust material, and at the same time, effective protection of the carbohydrates by 
polysulphide.  
Figures 6-1B, C & D show the associated reject contents, kappa numbers and total pulp yields 
(TPY), respectively, with varying cooking time, AA and L:W ratios for the sawdust pulps.  The 
reject content decreased sharply as cooking time increased. At shorter cooking times, below 40 
min, the sawdust material pulped using 4.5:1 L:W ratio showed lower rejects content compared 
to that pulped using the 7.5:1 L:W ratio. This may be linked to the higher SPY obtained for 
these pulps cooked for less than 40 min compared to when the 7.5:1 L:W ratio was used. 
Presumably, at the shorter pulping times, the lower rejects content may be attributed to the 
higher concentration of pulping chemicals in contact with the sawdust material when a lower 
L:W ratio is used. However, as the pulping time is extended when using 7.5:1 L:W ratio, the 
more uniform pulping achieved could be related to a better wetting of the sawdust material due 
to a higher amount of free liquor available. At constant cooking time of 60 min and 7.5:1 L:W 
ratio, as expected, the reject content increased as the AA decreased. This may due to insufficient 
chemicals available for delignification.  
The kappa number of the sawdust pulps decreased as cooking time increased. Lower kappa 
numbers were achieved when pulping using the higher L:W ratio of 7.5:1. This may be an 
indication of a more uniform cook at the higher L:W ratio. At constant cooking time of 60 min 
and 7.5:1 L:W ratio, delignification was retarded as AA dosage decreased, as shown by the 
higher kappa numbers obtained. This may also be due to possible condensation and 
precipitation of lignin back onto the pulp fibres due to the lower alkalinity of the cooking liquor 
(Gierer 1980). Overall, the TPY generally decreased as cooking time increased. The use of a 
higher L:W ratio gave higher TPY. At a constant cooking time of 60 min and 7.5:1 L:W ratio, 
TPY decreased as AA increased. This may be linked directly to the higher SPY and lower reject 
content of pulps produced using these conditions. 
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Figure 6-1: Kraft pulping properties of sawdust waste material: 4.5L:W-18% AA (♦); 7.5L:W-18% AA 
(▲); 7.5L:W-16% AA (▲) and 7.5L:W-14% AA (x). 
 
 
6.3.2 Sawdust kraft pulp fibre morphology 
Although a full set of morphological data of sawdust kraft pulp fibres is presented in Table 6-1, 
only a few pertinent characteristics are discussed here. The fibre content of the sawdust pulp 
averaged 26.8 million fibres g-1 and appeared to be in a similar range as Eucalyptus kraft pulps 
produced from wood chips. Neiva et al. (2015) reported 24-26 million fibres g-1 for E. grandis, 
E. saligna, E. globulus, E. propinqua and E. botryoides pulps. However, they found that the 
fibre content of Eucalyptus kraft pulps produced from chips can vary significantly. They 
reported values as low as 18 million fibres g-1 in the case of E. maculata and as high as 41 
million fibres g-1 for E. viminalis. Kraft pulping conditions were found to affect the fibre content 
of pulps – increasing the L:W ratio from 4.5 to 7.5:1 increased the fibre content by up to 10%; 
whilst decreasing the AA charge from 18% to 14% decreased the fibre content by around 10%. 
Fibre length is another important morphological property because a minimum length is required 
for inter-fibre bonding during papermaking (Paavilainen 1993). It is generally accepted that 
pulp strength is strongly correlated to fibre length. The sawdust pulp fibres exhibited an average 
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length-weighted fibre length of around 0.65 mm which is within the acceptable range (0.6-0.85 
mm) for Eucalyptus kraft pulps produced from wood chips (Foelkel 2007), and higher than that 
reported for E. camaldulensis (0.57 mm), E. sideroxylan (0.57 mm), E. viminalis (0.6 mm), E. 
ovata (0.61 mm), E. rudis (0.63 mm) and E. resinifera (0.63 mm) pulps produced from wood 
chips (Neiva et al. 2015).  
Only a few Eucalyptus species such as E. saligna, E. botryoides, E. globulus, E. maculata and 
E. grandis have been reported with higher length-weighted pulp fibre lengths of 0.71 mm, 0.72 
mm, 0.73 mm, 0.75 mm and 0.76 mm, respectively (Neiva et al. 2015). Kraft pulping conditions 
affected fibre lengths marginally. The L:W ratio did not seem to have an impact; whilst 
decreasing the AA from 18% to 14% increased fibre length by around 5%. Fibre coarseness is 
an important papermaking property and is strongly related to sheet structure and formation, 
which in turn, affects the strength properties, sheet density and porosity of paper (Ramezani & 
Nazhad 2004). A higher coarseness value is indicative of fibres with thicker cell walls that are 
stiffer and less collapsible (Ramezani & Nazhad 2004). Sawdust pulp fibres exhibited fibre 
coarseness values they were in a similar range as conventional Eucalyptus kraft pulp fibres 
produced from wood chips. Neiva et al. (2015) reported typical values for coarseness for several 
Eucalyptus kraft pulp species that ranged between 4.6-8.4 mg 100m-1. They reported an overall 
average coarseness value of 6.4 mg 100m-1 for these eucalypts, and that of E. grandis kraft 
pulps in particular was 6.1 mg 100m-1. Similar to findings of other researchers, the coarseness 
of sawdust kraft pulps increased with increasing fibre length; and as expected, it correlated with 
the fibre content of the sawdust pulps, in that the number of fibres per gram of pulp increased 
with decreasing fibre coarseness.  
Fibre deformations such as kinks and curls may contribute to reduced fibre strength. According 
to Foelkel (2007) a typical range for conventional Eucalyptus kraft pulp kinks is between 0.4 -
1.5 kinks, with kink angles greater than 30°. For fibre curliness, the range given by Foelkel 
(2007) was between 5-15%. From the results shown in Table 6-1, these properties of the 
sawdust kraft pulps fell within the aforementioned ranges for conventional Eucalyptus kraft 
pulps produced from wood chips. 
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6.3.3 Sawdust kraft pulp and paper properties 
Whereas the typical freeness values for papermaking can range between 300-450 ml (Shakhes 
et al. 2010), several local researchers have compared and reported paper properties at a constant 
freeness of 400 ml (Megown et al. 2000; Grzeskowiak et al. 2000). In this present study, the 
sawdust kraft pulp properties of handsheets, at constant freeness of 400 ml, are listed in Table 
6-2, and where available, they were compared to conventional South African E. grandis kraft 
pulps produced from wood chips. Although an extensive set of paper properties is provided for 
information purposes, only a few pertinent properties related to paper strength are discussed at 
this point.  
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Table 6-1: Sawdust kraft pulp fibre morphology. 
Fibre Characteristics Sawdust pulp 
(4.5L:W-18%AA) 
Sawdust pulp 
7.5L:W-18%AA 
Sawdust pulp 
7.5L:W-16%AA 
Sawdust pulp 
7.5L:W-14%AA 
Number of fibres measured 5106 5113 5099 5086 
Fibre content (x106 g-1) 27.3 30.0 25.0 24.7 
Arithmetic length (µm) 529 537 538 550 
Length-weighted length (µm) 644 644 654 676 
Fibre width (µm) 19.1 18.4 18.9 19.6 
Fibre coarseness (mg 100m-1) 5.9 6.4 6.9 7.0 
Kink number 1.2 1.3 1.2 1.2 
Kink angle (°) 132.3 130.7 132.0 131.0 
Kinked fibre content (%) 18.2 28.5 23.3 23.0 
Fibre curl (%) 5.0 6.6 5.4 5.7 
Macrofibrillation index (%) 0.66 0.67 0.64 0.63 
Broken fibre content (%) 20.2 19.3 20.8 20.3 
Fines content (number) 34 086 31 473 36 321 36 889 
Fines content (% area) 12.3 11.2 11.9 8.2 
Fines content (% length) 35.6 33.0 35.6 33.5 
Fines area (µm2) 889 838 810 737 
Fines length average (µm) 42 40 39 36 
 
 
Sheet density is an important property that affects most mechanical and physical properties of 
paper. The density of the handsheets produced from sawdust kraft pulps were about 35% lower 
than the average sheet densities listed for conventional kraft pulps in Table 6-2. Generally, a 
higher sheet density is indicative of better bonding in a paper sheet. Sheet density usually 
increases with beating due to improved flexibility of the beaten fibres that conform easily to 
one another in the sheet. This results in an increased bonded area and more densely packed 
fibres in the paper sheet (Law et al. 1999; Gulsoy et al. 2013). To reach 400 ml CSF, as reported 
in Table 6-2, the sawdust kraft pulp required minimal beating (650 beating revolutions). This 
was 60% lower than that required by conventional kraft pulps produced from wood chips. The 
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increased degree of beating of conventional kraft pulps therefore resulted in a more compact 
sheet and higher sheet density for the conventional kraft pulps.  
Directly related to this is tensile strength, which in addition to being dependent on the bonding 
area (O’ Neil et al. 1999), is also dependent on fibre length (O’ Neill et al. 1999; Gulsoy et al. 
2013), fibre strength (Dinwoodie 1965; Nazad 2005; Gulsoy et al. 2013), and bonding strength 
(Twimasi et al. 1996). Here, the tensile strength of the handsheets produced from sawdust kraft 
pulps were about 50% lower than handsheets produced from conventional kraft pulps. Similar 
findings were observed for bursting strength, which was 70% lower than conventional kraft 
pulps; and for tearing strength, which was 50% lower than conventional kraft pulps. Lower 
bursting strength is attributed to weaker fibre-to-fibre bonding and as a result, a more bulky 
sheet (Smook 1992); whilst a decrease in tearing strength is related to a lower fibre strength and 
shorter fibres (Muneri 1994).  
The relationship between tearing and tensile strength is an important tool to monitor overall 
paper strength. The tear-vs-tensile curves of sawdust kraft pulp handsheets are depicted in 
Figure 6-2 and were compared to conventional kraft pulps produced from wood chips. A 
maximum tearing strength of around 5 Nm2 kg-1 was obtained at 65 kNm kg-1 tensile strength 
for the sawdust kraft pulp, compared to a tearing strength of 10 Nm2 kg-1 at 85 kNm kg-1 tensile 
strength for the conventional kraft pulp. 
 
 
 
 
 
 
 
 
 
155 
Table 6-2: Handsheet properties of E. grandis sawdust kraft pulps compared at constant freeness of 
400 ml CSF to conventional E. grandis kraft pulps produced from wood chips. 
 Sawdust pulp Wood chip pulp 
Beatings to reach 400 ml CSF (revs) 650 1 750(1) 
 
Sheet density (kg m-3) 498 (± 10.0) 792(1) 
761(2) 
740(3) 
 
Tensile Index (kNm kg-1) 51.5 (± 2.3) 92(1) 
102(2) 
105(3) 
 
Burst index (MN kg-1) 2.1 (± 0.3) 7.3(2) 
7.0(3) 
 
Tear Index (Nm2 kg-1) 4.7 (± 0.1) 9.6(1) 
8.6(2) 
9.0(3) 
 
Tensile Energy of Adsorption (J m-2) 38.7 (± 2.1) 
 
na 
Water absorptiveness at 45 secs (g m-2) 132 (± 8.3) 
 
na 
Stiffness (mN) 737 (± 65) 
 
na 
Porosity (ml min-1) 1585 (± 129) 
 
1 250(4) 
Brightness (% ISO) 40.3 (±0.7) 
 
na 
Unbeaten pulp brightness,  (% ISO) 42.4 (±0.7) 
 
na 
na – not available 
1Azeez et al. (2016) 
2Megown et al. (2000) 
3Grzeskowiak et al. (2000) 
4Neiva et al. (2015) and reported at ~550 ml CSF 
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Figure 6-2: Tear-Tensile curves for sawdust kraft pulps (♦) compared to conventional kraft pulps 
produced from wood chips (■) from the study by Azeez et al. (2016). 
 
 
6.3.4 Chemical characterisation of the sawdust pre-hydrolysate  
The results of the chemical characterisation of the pre-hydrolysate extract are shown in Table 
6-3. Maximum amounts arabinose and rhamnose were removed early during pre-hydrolysis, 
and their concentrations in the pre-hyrolysate remained relatively constant thereafter over the 
entire duration of the pre-hydrolysis stage. The amount of galactose removed also appeared 
relatively stable early in the pre-hydrolysis stage between 15-45 min, and then increased 
marginally around 60 min. In the case of glucose, about 2 g l-1 was removed early in the pre-
hydrolysis stage, and this increased marginally as the pre-hydrolysis time increased, peaking at 
around 2.5 g l-1 after 60 min. Xylose was the dominant monosaccharide removed during pre-
hydrolysis. At 15 min pre-hydrolysis time, up to 17 g l-1 was removed, and this increased to just 
over 24 g l-1 after 60 min pre-hydrolysis time. The removal of lignin was also marginal, with 
the amount removed remaining fairly constant at around 0.1 g l-1 over the entire duration of the 
pre-hydrolysis stage. Similar to other studies (Tunc et al. 2008; Nabarlatz et al. 2007), the pH 
of the extract varied between 2 and 3. The high acidity of the extract was attributed to the 
hydrolysis of the acetyl groups attached to the hemicelluloses that resulted in the formation of 
acetic acid, hence lowering the pH of the pre-hydrolysate extract (Ragauskas et al. 2006; Pu et 
al. 2011). The characteristics of the resulting hemicelluloses after pre-hydrolysis have been 
reported to contain a mixture of oligomeric and monomeric sugars (Sixta & Schild 2009; Li et 
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al. 2010). When an extract containing the hemicelluloses in a pure, polymeric form is desired, 
a pH controlled (buffered) or mild alkaline pre-hydrolysis has been recommended (Sixta & 
Schild 2009). However, in this case, the yields of the hemicelluloses have been reported to be 
negatively impacted.  
 
 
Table 6-3: Chemical characterisation of the pre-hydrolysates. 
Hydrolysis 
time at 
170°C 
(min) 
pH Arab 
(mg l-1) 
Gal 
(mg l-1) 
Rham 
(mg l-1) 
Glu 
(mg l-1) 
Xyl 
(mg l-1) 
Man 
(mg l-1) 
Acid 
soluble 
lignin 
(mg l-1) 
15 1.94 503 1 406 665 1 828 17 511 608 98 
30 2.39 405 1 497 756 2 309 20 465 512 103 
45 3.11 237 1 471 748 2 357 21 936 710 106 
60 3.08 451 1 714 813 2 476 23 453 463 110 
 
 
 
6.3.5 Chemical characterisation of the pre-hydrolysed sawdust 
The chemical composition of the pre-hydrolysed sawdust is shown in Table 6-4. As expected, 
the sawdust yield remaining after pre-hydrolysis decreased with increasing pre-hydrolysis time. 
At 15 min, the loss of yield was already around 20%. After 60 min, this loss extended to 28%. 
Similar results were obtained by other researchers when hydrolysing wood chips at 170°C (Pu 
et al. 2011). The measured cellulose content in the pre-hydrolysed sawdust remained stable 
during pre-hydrolysis, and averaged around 62% over the entire pre-hydrolysis range. More 
than 50% of the original xylose in the wood were lost early in the pre-hydrolysis stage (after 15 
min). Beyond this time, the xylose concentration steadily decreased to around 2.5% after 60 
min. Maximum removal of the short chain hemicelluloses such as the arabinose and galactose 
occurred early in the pre-hydrolysis stage, and their residual concentrations were negligible in 
the pre-extracted wood. Beyond 30 min pre-hydrolysis time, virtually all the rhamnose were 
removed and none were detected in the pre-extracted wood after 45 min. Mannose appeared to 
be more resistant to pre-hydrolysis, and after 60 min, 0.3% remained in the pre-extracted wood. 
Interestingly, not all the soluble lignin was removed, and around 3% remained in the wood after 
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pre-hydrolysis. The Klason lignin fell 1% to 35% after 60 min. As expected, the increase in 
glucose in the pre-extracted sawdust was due to the removal of the other sugars and some lignin. 
After 60 min pre-hydrolysis, the glucose concentration in the pre-hydrolysed wood reached 
57%.  
 
 
Table 6-4: Chemical characterisation of pre-hydrolysed sawdust. 
Hydrolysis 
time at 
170°C 
(min) 
Yield 
(%) 
Cell 
(%) 
Arab 
(%) 
Gal 
(%) 
Rham 
(%) 
Glu 
(%) 
Xyl 
(%) 
Man  
(%) 
Acid 
soluble 
lignin 
(%) 
Klason 
lignin 
(%) 
15 80.4 61.4 0.02 0.15 0.07 54.0 4.42 0.45 3.70 36.5 
30 75.0 62.4 0.01 0.06 0.04 55.6 3.01 0.37 3.31 37.0 
45 73.0 62.8 0.02 0.02 0.00 56.0 2.99 0.34 3.13 36.9 
60 72.1 62.2 0.02 0.03 0.00 56.9 2.49 0.30 3.13 35.4 
 
 
Expressed as a percentage of the original wood, Figure 6-3 shows that rhamnose was removed 
completely from the wood (i.e. 100% removal). This was followed closely by galactose (97% 
removal), arabinose (88%), xylose (80%), and to a lesser extent, mannose (36%), and finally 
glucose, with around 12% removed. Besides glucose, the two other main monosaccharides 
remaining in the wood after pre-extraction were xylose, at 1.8% residual concentration and 
mannose at 0.2%.   
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Figure 6-3: Residual hemicelluloses content in pre-hydrolysed sawdust: glucose (×), arabinose (♦), 
mannose (●), galactose (■), xylose (ж) and rhamnose (▲). 
 
 
6.3.6 Kraft pulping of pre-hydrolysed sawdust 
The optimum kraft pulping conditions obtained for pulping the un-hydrolysed sawdust (i.e. 
conventional kraft pulping process) was 18% AA, 7.5:1 LW and 60 min pulping time. These 
optimum conditions were then used to pulp the pre-hydrolysed sawdust material. The resulting 
kraft pulping properties of the pre-hydrolysed sawdust material are shown in Table 6-5. The 
screen pulp yield varied by about 1%, at around 42-43% for all pre-hydrolysis treatments. As a 
percentage of the original sawdust material, this equated to an overall kraft pulp yield of around 
35% for the sawdust pre-hydrolysed between 15-45 min. Extending the pre-hydrolysis beyond 
these times resulted in a further 2% drop in pulp yield to 33%. No uncooked sawdust material 
was detected after pulping washing and screening. It can be seen from the lower kappa numbers 
that the rate of delignification was significantly higher for the pre-hydrolysed sawdust 
compared to conventional kraft pulp. Similar results have been reported previously, in that 
lignin removal is enhanced during kraft pulping of pre-hydrolysed wood (Kautto et al. 2010; 
Duarte et al. 2011). This may be the result of disruption of the cell wall induced by the pre-
extraction of the hemicelluloses (Cheng et al. 2010) or formation of thio-lignin during pre-
hydrolysis which subsequently is more soluble during the kraft process than native lignin (Olm 
1996; Ban et al. 2004). Johakimu & Andrew (2013) reported that pre-hydrolysis of South 
African E. grandis wood chips also enhanced delignification during the subsequent kraft 
-0.1
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0
5
10
15
20
25
30
35
40
45
50
0 15 30 45 60
A
ra
b
/G
a
l/
R
h
a
m
/M
a
n
(a
s 
%
 o
f 
o
ri
g
in
a
l 
w
o
o
d
)
G
lu
co
se
/X
y
lo
se
 
(a
s 
%
 o
f 
o
ri
g
in
a
l 
w
o
o
d
)
Prehydrolysis time at 170 °C (min)
160 
pulping. Using the same pulping conditions and chemical dosages for untreated and pre-
hydrolysed wood chips, they found that the kappa number of the pre-hydrolysed kraft pulps 
were 22% lower than pulps produced from untreated wood chips. In addition, they found that 
at constant cooking time, a similar pulp yield for the PHK pulps could be achieved compared 
to the pulps produced from untreated wood chips, even though the %AA charge was reduced 
by 20% when cooking the pre-hydrolysed wood chips.  
Pentosans in dissolving pulps are considered as contaminants for the production of cellulose 
derivatives. The residual concentration in the unbleached PHK sawdust pulps ranged between 
3-4%, and showed a decreasing trend as the severity of the pre-hydrolysis stage was increased. 
A similar trend was observed for viscosity, which decreased from 848 ml g-1 to 759 ml g-1, 
when the pre-hydrolysis time was increased from 15 to 60 min. Pulp brightness on the other 
hand, increased with increasing severity of the pre-hydrolysis stage. A maximum brightness of 
41.4% was achieved after 60 min pre-hydrolysis time. Sixta and Schild (2009) reported similar 
results for pulp yield, kappa number, brightness and pentosan content of unbleached PHK pulps 
produced from E. globulus wood chips. However, the viscosity they reported was about 25% 
higher than that reported in this study for sawdust PHK pulps. 
 
 
Table 6-5: Kraft pulping properties of pre-hydrolysed sawdust. 
Pre-
hydrolysis 
time at 
170°C 
(min) 
Screen 
pulp yield 
(%) 
Rejects 
content 
(%) 
Total pulp 
yield (%) 
Screen 
pulp yield 
(as % of 
original 
sawdust) 
Kappa 
number 
(ml) 
Viscosity 
(ml g-1) 
Pentosan 
content 
(%) 
Brightness 
(% ISO) 
15 42.5 0.0 42.5 35.2 5.3 848 3.77 33.5 
30 42.8 0.0 42.8 35.3 3.1 791 3.50 34.0 
45 43.3 0.0 43.3 35.2 3.0 759 3.45 37.5 
60 42.3 0.0 42.3 32.7 2.6 759 3.08 41.4 
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6.4 Conclusions  
As part of a wider objective to isolate cellulose from wood sawdust waste for the production of 
cellulose nanocrystals, conventional industrially available processes such as the kraft and pre-
hydrolysis kraft (PHK) processes were investigated for delignification of sawdust produced 
from E. grandis wood. Sawdust kraft pulp yields (48 %) and fibre morphologies were within 
acceptable ranges and comparable to conventional kraft pulps produced from wood chips. The 
exception was the pulp strength properties such as burst, tear and tensile strengths which were 
50-70% lower than conventional pulps. Possible applications of this pulp could be addition or 
replacement of thermomechanical pulps and/or chemical pulps during newsprint and telephone 
directory paper manufacture, or other recycled paper applications such as tissue paper. During 
the pre-hydrolysis stage of the PHK process, up to 24 g l-1 xylose could be removed from 
sawdust with minimal removal of lignin (0.1 g l-1) and cellulose (2.5 g l-1). Wood yield after the 
pre-hydrolysis stage ranged between 70-80%, and pulping of the pre-hydrolysed sawdust 
resulted in pulp yield around 35% (expressed as a % of the original wood). Preliminary 
properties measured on the unbleached PHK sawdust pulps such as pentosan content (3-4%), 
brightness (41%) and viscosity (760-850 ml g-1) alluded to its potential for the production of 
dissolving pulps.  
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CHAPTER 7  
SUMMARY AND RECOMMENDATIONS 
Wood waste streams such as sawdust may be composed of potentially high value products and 
finding alternative and innovative uses for them may transform the face of the Forestry, Timber, 
Pulp and Paper (FTPP) industry, both economically and environmentally. Currently, a large 
portion of these waste streams are either stockpiled on site or landfilled, and these may not be 
viable options for disposal going into the future. The diversion of all organic waste from landfill 
has now become a priority in South Africa. Within the context of the biorefinery concept, and 
in direct response to the afore-mentioned priority, the key focus of this study was to explore 
options for the beneficiation of sawdust waste streams produced primarily from the sawmilling 
industry. Two options were investigated: the primary objective was to investigate the 
production of cellulose nanocrystals (CNC) from sawdust. As part of this objective, in order to 
isolate cellulose from sawdust prior to the production of CNC, the secondary objective was to 
investigate conventional industrially available processes such as the kraft and pre-hydrolysis 
kraft (PHK) processes for delignification of the sawdust. 
Although CNC can be produced from a wide range of lignocellulosic biomass, typically it is 
produced from high purity cellulose products such bleached chemical pulps and 
microcrystalline cellulose (MCC) that are derived from wood. To extract cellulose from wood, 
wood chips are subjected to chemical pulping and bleaching processes that require high 
temperature and long reaction times. Once isolated, the resulting cellulose is then subjected to 
one of several available treatment steps using acids, enzymes or solvents that degrade the 
amorphous regions of cellulose, whilst the crystalline regions remain intact and are liberated in 
the suspension as CNC. No processes have been found in the literature that are capable of 
producing CNC directly from wood, without the need for pulping and bleaching that are 
required to first delignify the wood and to isolate cellulose.    
In this regard, this study was a first of its kind. The study presented a novel approach that 
combined the use of ammonium persulphate (APS), a strong oxidant, with subsequent sulphuric 
acid hydrolysis (AH) to produce CNC directly from wood sawdust. As a first step, preliminary 
studies into the use of APS oxidation on its own was investigated to produce CNC directly from 
wood sawdust. It was found that optimum APS oxidation conditions (3 M, 60°C, 24 h) produced 
CNC measuring 419 nm long and 19 nm wide.  
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However, the use of APS on its own was not be the most efficient way to produce CNC directly 
from sawdust due to the long reaction times required for oxidation. When applied to wood 
sawdust, the novel (APS+AH) process represented a simplified approach that required only 7 h 
reaction time, and with no need for pretreatment steps such as pulping and bleaching. In this 
process, the sawdust was subjected to APS oxidation (3 M, 60°C, 6 h) which selectively 
attacked and degraded the hemicelluloses and lignin in the wood, after-which the delignified 
sawdust was then subjected to AH (64% H2SO4, 50°C, 1-2 h), resulting in a suspension of CNC. 
The (APS+AH) process produced CNC measuring between 122-213 nm long and 4-6 nm wide. 
In addition, a maximum yield of 40% was obtained, which when expressed as a percentage of 
the wood, represented a four-fold increase in the yield of CNC compared to conventional 
processes that use acid for hydrolysis and wood cellulose products as the starting material. 
Characterisation of the resulting CNC by Fourier transform infrared (FTIR) spectroscopy, and 
comparison to model compounds for CNC produced via acid hydrolysis of MCC, confirmed 
that the structural and compositional integrity of cellulose was not compromised following the 
(APS+AH) process. The resulting CNC also exhibited high crystallinity (81%), as revealed by 
X-ray diffraction (XRD) analysis, and high thermal stability (320°C), as revealed by 
thermogravimetric (TG) analysis. These are all important pre-requisites for most thermoplastic 
composite applications.  
In an attempt to upscale the process, 1 kg of sawdust was processed and the production of CNC 
was successfully demonstrated at a pilot scale using a 32 L bioreactor. Due to the unavailability 
of a large scale ultrasonicator, centrifuge and ultra-filtration equipment, the yield of CNC could 
not be verified at a pilot scale. An aliquot of the resulting CNC measured 259 nm long and 5.8 
nm wide, and also exhibited high crystallinity (79.3%) and thermal stability (325°C), which 
compared favourably to the CNC produced at a laboratory scale using the (APS+AH) process 
and to CNC produced from MCC using the conventional acid hydrolysis process. This 
represented a significant milestone in the production of CNC, not only in South Africa, but 
possibly in the world. To put this in context, currently, there are no facilities in South Africa 
manufacturing CNC, and the production capacity of the top eight producers of CNC in the 
world range between 3-1000 kg per day. Running several batches per day using the (APS+AH) 
process or the use of a larger reactor may place South Africa amongst the world’s top producers 
of CNC, with the added advantage of producing CNC directly from a low/no cost waste material 
such as wood sawdust, and without the need of pretreatment steps such as pulping and 
bleaching. Most of the pilot processing facilities across the world required between US$ 6-600 
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million capital investment, based on 2015 figures, and make use of high purity cellulose 
products for the production of CNC, which itself cost in the region of US$ 1100 per ton. The 
(APS+AH) process that is capable of producing CNC from sawdust, may ultimately give South 
Africa a competitive edge over other producers.   
In response to the growing demand for CNC-based green alternatives to fossil resources in the 
manufacture of polymers and chemicals, significant efforts are underway to commercialise the 
production of CNC. However, as mentioned earlier, the race to develop market attractive CNC-
based products that will justify production of CNC on an industrial scale is still underway. The 
development of the (APS+AH) process places South Africa in a favourable position in that the 
country is now able to produce large quantities of CNC locally, and possibly at a much lower 
cost, to supply local R&D endeavours. The current (2018) price from one of the largest 
producers of CNC, Celluforce, sells CNC for between US$ 2.5-3.0 per gram.  
Due to the generally high lignin content of wood, industrial delignification processes such as 
kraft and PHK pulping processes were investigated as a way to lower the lignin content of the 
sawdust to aid in the production on CNC. This proved successful as pre-hydrolysis of the 
sawdust prior to CNC production led to significantly smaller (127 nm long and 4.0 nm wide) 
and more uniform CNC compared to un-hydrolysed sawdust. Kraft pulping of the pre-
hydrolysed sawdust (i.e. pre-hydrolysis kraft pulp) and subsequent APS treatment of this pulp 
required milder APS conditions (1 M, 60°C, 24 h) to produce CNC measuring 210 nm long and 
5.2 nm wide, whilst treating kraft pulp with 1 M APS at 60ºC for 24 h produced CNC measuring 
238 nm long and 8.8 nm wide. 
 
Based on an integrated forest biorefinery approach for optimal biomass utilisation, pre-
hydrolysis of sawdust appears to be a particularly attractive route for its beneficiation. One 
typical sawdust beneficiation strategy could be designed with the intention of extracting the 
hydrophilic fraction from sawdust (hemicelluloses in the form of mainly xylose) with the 
ultimate goal of utilising the xylose-rich hemicelluloses to produce xylitol. The residual 
sawdust could then be used for the production of CNC. This type of scenario would typically 
improve the techno-economics of beneficiating sawdust, with the added advantage of no solid 
waste left over for disposal. It is therefore recommended that future work investigate the techno-
economics of producing CNC from sawdust in conjunction with the pre-extraction of the 
hemicelluloses to produce xylitol. In addition, it may be that in order to maximise the utilisation 
of the sawdust, whilst at the same time improving the economic viability of the proposed 
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sawdust beneficiation strategy, it may be necessary that all other potentially valuable chemicals 
such as acetic acid and lignin also be recovered in the process. Acetic acid has huge potential 
in the food and chemical industries, whilst lignin can be used in the production of value added 
products such as energy, carbon fibres, etc.  
A similar beneficiation strategy could also be devised for softwood sawdust in that the lipophilic 
fraction could be pre-extracted, for beneficiation into pine-oil for example, prior to CNC 
production.  
Typical applications of sawdust kraft pulps include the reinforcement of thermo-mechanical 
pulps (TMP) and pressure groundwood (PGW) pulps for use in uncoated super-calendered and 
light-weight coated papers. The use of sawdust pulp in fine paper has also been reported. 
Despite this, pulping of sawdust is currently not practiced in South Africa. The pulp and paper 
properties of sawdust kraft pulp looked promising for the local industry - the results in this 
study showed that pulps with acceptable yields (48%) and fibre morphologies comparable to 
conventional kraft pulps produced from wood chips could be produced from sawdust using 
typical kraft pulping conditions. As expected, the exception was the pulp strength properties 
such as burst, tear and tensile strengths which were 50-70% lower than conventional pulps. 
However, possible applications of this pulp could be addition or replacement of 
thermomechanical pulps and/or chemical pulps during newsprint and telephone directory paper 
manufacture, or other recycled paper applications such as tissue paper. Given that the pulping 
of sawdust requires specialised digesters for pre-steaming, cooking and discharging, it may be 
that the sawdust could be cooked in conventional wood chip digesters by adding controlled 
amounts of sawdust and then co-cooking with wood chips.  
In the case of the PHK process, pre-hydrolysis of the sawdust yielded up to 24 g l-1 xylose, with 
minimal removal of lignin (0.1 g l-1) and cellulose (2.5 g l-1). Pulping of the pre-hydrolysed 
sawdust resulted in a pulp yield around 35% (as a % of the original wood), and preliminary 
characterisation of the unbleached PHK sawdust pulp such as pentosan content (3-4%), 
brightness (41%) and viscosity (760-850 ml g-1) alluded to its potential for the production of 
dissolving pulp. Future work could investigate more fully the suitability of sawdust PHK pulp 
in dissolving pulp applications.  
As a way forward, the focus of the study will be on the transfer of the novel (APS+AH) 
technology to industry. However, there are few outstanding issues, and at the time of writing 
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this dissertation, the CSIR’s BIDF had already secured a research grant that will specifically 
look at closing the gaps related to the development of the novel (APS+AH) process. These will 
include: 
• A techno-economic study of CNC production from sawdust using the novel (APS+AH) 
process at a 1 kg, 1 ton and 10 ton per day level, including plant design and optimisation.  
• An investigation into the influence of sawdust age, species, particle size and pre-
hydrolysis (for removing hemicelluloses) on the production of CNC using the 
(APS+AH) process. 
• An investigation into the recovery and beneficiation of other fractionation products 
possibly present in the waste water emanating from the (APS+AH) process. This will 
also include the recovery, regeneration and re-use or treatment and disposal of 
chemicals. 
• And finally, an investigation into the downstream beneficiation of the CNC for the 
fabrication of biocomposite materials for use in the packaging, textiles, hygiene and 
water purification industries.  
 
 
 
 
 
 
 
 
